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1. Introduction
The literature contains an impressive number of Pd- /\/OH 80°C /\/O N

catalysed reactions using alcohols as substrates or reagents,
and we are attempting to cover this topic with a series of
reviews. The oxidation reactions of alcohols to the
corresponding carbonyl compounds have been the subject
of Part A,1 while Part B has summarised the formation of
C—C and C-N bonds from unsaturated alcohols.” The
present review is devoted to the formation of C—O bonds,
the oxygen atom coming from an alcohol, and is organised,
as previously, according to, firstly, the type of reaction and,
secondly, the nature of the substrate. The next review,
Part D, will complete the series, with, mainly, a description
of the rearrangement, cleavage, carbonylation and carb-
oxylation reactions. As mentioned in Part B, the reports
concerning phenols, and those where the hydroxy group is
recovered unmodified at the end of the process, are beyond
the scope of these reviews.

2. Addition of alcohols to n>-allylpalladium
intermediates

2.1. n*-Allylpalladium intermediates from allylic
alcohols

2.1.1. Intermolecular reactions. The homocoupling of
allylic alcohols (Eq. 1)>~® and the dehydrative allylation of
primary and secondary alcohols (Eq. 2)*%” to afford ethers
are mediated by various palladium catalysts, the concomi-
tant formation of some 1,3-butadiene from crotyl alcohol
indicating an n*-allylpalladium intermediate.®

Pd(OAc), (0.013 equiv.), PPhy (0.065 equiv.), PhMe, 15 h: 92% (1)
Pd(OAc), (0.013 equiv.), dppb (0.04 equiv.), PhMe, 15 h: 93%
Pd,(dba);.CHCI; (0.05 equiv.), dppb (0.2 equiv.), neat, 6 h: 56%
Pd[P(OPh);]4 (0.05 equiv.), neat, 6 h: 84%

PA[P(OPh);], (0.05 equiv.) OR

AN ron
(5 equiv.) 80°C, 6-42 h

R =Me (6 h, 83%), i-Pr (6 h, 6%), -Bu (42 h, 19%),

Cy (14 h, 54%), benzyl (14 h, 60%),

furfuryl (14 h, 55%), 3-butenyl (14 h, 60%)

2

The Pd-catalysed etherification of allylic alcohols with
phenols is promoted by titanium'Y isopropoxide (Eq. 3),
and the proposal of a transient allyl titanate leading to an
N -allylpalladium intermediate (Scheme 1) is supported by
the formation of the diallgll ether and allyl isopropyl ether in
the absence of a phenol.

0
Pd /\/ X
AN0Ar X=OH

or

PN OTi(Oi-Pr); AN

Pd Pd
NOAr X
ArOH

HX

Scheme 1.
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Pd(OAc),/PPh; (cat., 1:4)

HO - .
Ti(Oi-Pr)4 (0 or 0.25 equiv.)
OH 4
/\/ " >
. MS 4 A, PhH, 50°C
(4 equiv.) Me

A O\©\ )
Me

Pd(OAc), (0.025 equiv.), without Ti(Oi-Pr)y, 7 h: 26%
Pd(OAc), (0.01 equiv.), Ti(Oi-Pr), (0.25 equiv.), 1 h: 93%

2.1.2. Intramolecular reactions. A variety of furan rings, in
particular spirotetrahydrofurans, have been obtained by the
exposure to Pd(PPh3), of carbon tetrachloride solutions of
allylic alcohols substituted in the B-position by a triethyl-
silyloxyalkyl chain (Eq. 4). Godleski et al. suggest an
unusual mechanism (Scheme 2): PPh; liberated from the
complex would react with CCl; to form the known
PPh;C1" CCl3 salt, which would be trapped by the hydroxy
group to provide HCCIl; and an o gphosphonium ion;
the reaction of this ion with Pd” would give the
n’-allylpalladium complex, while C1~ would deprotect
the triethylsilyl ether, thus allowing the cyclisation step. The
problem with this mechanism is the regeneration of PPh;
from OPPh;; a reduction by Et;SiCl was suspected, but
control experiments showed too slow a reaction at room
temperature to be operative.”

OH
Pd(PPhs), (0.1 equiv.)
4
O\/\/os i, CClo 1t 12 @E}
86%

Pd(PPhs),

PhsP
M\ —|+

><’d ~PPh,

O\/\/O'

k‘ PhyP
CISiEt; N

—|+ cr

K d~ppp,
O\/\/OSiEt3

5957

2.2. n>-Allylpalladium intermediates from allylic alcohol
derivatives

2.2.1. Intermolecular reactions. In 1970, Hata et al.
reported the formation of ethers via the Pd-assisted
intermolecular displacement between allylic alcohol deriva-
tives and methanol or benzyl alcohol.'®'? This allylic
etherification has been subsequently abundantly docu-
mented using allylic acetates or carbonates, and various
alcohols or lactols such as partially protected carbohydrates
(Egs. 5-9),"*2! and asymmetric allylations have been
carried out in the presence of chiral ligands with low to
moderate enantioselectivities.”?' The rate of coupling can
be increased by the addition of small amounts of tributyltin
alkoxide (Eq. 9).2>** The addition of the alcohol may,
however, be an unwanted reaction, as, for example, the
Pd-catalysed cross-coupling of allylic acetates with
arylboronic acids carried out in methanol which led to
the allylic methyl ether as a side product.*

Pdy(dba); (0.016 equiv.)

dppb (0.4 equiv.)
)f CH,=CHCH,0CO,Me (10 equiv.)
THF, 65 °C, 2.5 h

Ry, RO\

OCOt Bu
R= (CH,);0SiPhy+-Bu

R//, \\\\\\
\ )(Me

95% 0OCO#-Bu

®)

—= Pd(PPh;), , + n PPh,

» PPh, CCly
OH

[CIPPh,] [CCL,T

OSiEt,

HCCl,

oPPh, | CI

OSiEt;

OPPh;

Scheme 2.
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OH
Boesy OMe . N 00,5
H (2 equiv.)
(0)
o (©6)
[(n3-allyl)PdCI], (0.01 equiv.) \/\
PPhj; (0.045 equiv.) Boc\N OMe
THF, rt, overnight H b 0w
0CO,Me Pda(dba); (0.05 equiv.)
dppb (0.2 equiv.)
SuOH (2.88 equiv.)
—_—
THF, 60°C
0OCO,Me
OSu AcO Me ><O
SuOH: o Me” Yy OH/ o
OAc OH
0]
OAc o) Me
OSu 56% OAc 26%
Me

)

(6)

j:ﬁ (1.2 equiv.) 0. N
) Pd,(dba);.CHCI (0.025 equiv.)

RY ~o” “oco,Bu o o C

PPh; (0.1 equiv.) rRY Yo~ o
—_—
CH,Cl,, 0°C, 6 h PhCH,0,, O

+ OH

R = CH,0SiMe,#-Bu A
NN 92% 0
(®)
Pd,(dba);/PPh; (cat.)
OCO,#-Bu By,SnOEt (0 or 0.1 equiv.) OEt
/\) EtOH (1 equiv.) /\)
—_—
Ph THF, 45°C  Ph >95%
without Bu;SnOEt: 6 h
with BusSnOEt: 0.25 h
9)

< NMCZ
HOy,
Pd(OAc),/PPh; (cat.)
————> HO

0
\/\OCOOr—Bu

0 (1.45 equiv.)
THF, reflux
7
™
MeO S

Allyl tert-butyl carbonate has been used for the O-allylation
of polyhydroxylated macrolides, such as erythromycin

(Eq. 10)" and tylosin®* derivatives, with a selectivity
towards the different hydroxyls attributed to the large
size of the tert-butoxy group, and it has been pointed out
that water was detrimental to these reactions by competing
as a nucleophile.'®*>

Diethylzinc and dimethylzinc are able to promote the
reaction of various alcohols with allylic acetates at room
temperature.”*>® The O-glycosylation of benzyl alcohol
and monosaccharides with glycal was thus attained, the
choice of ligand giving selective access to the a- or B-linked
product (Eq. 11). According to Lee et al., the role of Zn" in
these reactions is the activation of both the acceptor for the
nucleophilic addition and the leaving group for the
ionisation.?’

Pd(OAc), (0.1 equiv.)

(0)
PhCH,0 L (0.15-0.3 equiv.)
+PhCH,0OH —
. Et,Zn (0.5 equiv.)
PhCH,0N 2
CH0 THF, 25°C, 48 h
OAc
(@) OCH,Ph
PhCH,0 2 (11)
PhCH, 0N N
Ph .
L= (0.15 equiv.): 92%, o/p < 1:25;
P(OMe); (0.3 equiv.): 90%, a/B =7:1
P(+-Bu),
? Pd(PPhs), (0.005 equiv.)
.005 equiv.
OMe _urmer
O 10% KOH-MeOH
0 rt, 1.5h
CHO
(12)
OMe OMe
Z X
+
6] O
86% o\/ 14% o\/

(10)

Although heating is usually required to form n?’-allylpalla-
dium intermediates from allyl aryl ethers,”® Hara et al.



J. Muzart / Tetrahedron 61 (2005) 5955-6008

efficiently synthesised allyl methyl ethers from O-[3-(3,4-
methylenedioxyphenyl)—Z—prolgenyl]—Vanillin and methanol
at room temperature (Eq. 12).%°

The B-aminoalcohols are bifunctional nucleophiles, which
afford vinyl morpholines b?/ a domino reaction with
2-butene-1,4-diol derivatives,”! via the successive nucleo-
philic additions of the nitrogen and hydroxy moieties on
N -allylpalladium intermediates. The use of chiral ligands
or enantiopure aminoalcohols leads to enantioselective®> or
diastereoselective™ cyclisations, respectively (Eq. 13).

. Me Ph
Pd(PPhs), (0.025 equiv.) N

Me Ph PPh; (0.2 equiv.
)_\*\ N Pha O2eiv) o Do
MeHN oI AcO ] . OAc NEt; (2 equiv.) \_/
¢ (I equiv) THF, 40°C, 18 h 2
71%, 78% de
(13)

Wang et al. have synthesised an erythromycin A-derived
macrolide via Pd-catalysed cascade inter- and intra-
molecular dialkylations (Eq. 14).>*

NMe, Pd,(dba); (0.03-0.1 equiv.)
dppb (0.06-0.2 equiv.)

THEF, reflux, 8-19 h
Me NOAc

R = H (85%), CO,#-Bu (72%)

The [3 +2] cycloaddition of 60-fullerene with (Z)-HOCH,-
CH=CHCH,OCO,Et (Eq. 15) would involve the addition
of the n-allylpalladium alkoxide as shown in Scheme 3.*

2.2.2. Intramolecular reactions. In 1983, three Pd-cata-
lysed intramolecular heteroannelations were disclosed
almost simultaneously: (i) spirotetrahydrofurans(pyrans)
were obtained with low yields via the addition of a

OH HO S
| pd°
—_— —_—
- CO;, (-Dpd— - EtOH ®Pd—)
OCO,Et EtO

Scheme 3.

5959

preformed alcoholate to an in situ-formed n*-allylpalladium
complex (Eq. 16),” (ii) vinyltetrahydrofurans(pyrans) were
isolated as side products of the Pd-catalysed deamination
of allylic amines bearing a 4-hydroxyalkyl substituent in
the B-position,®® and (iii) a 2-alkenyltetrahydrofuran was
efficiently synthesised, with a complete transfer of the chirality,
using 2,6-dichlorobenzoate as the leaving group (Eq. 17).%’

(15)

Pd(PPh;3), (0.1-0.5 equiv.)
dppe (1 equiv.)
—_—

PhH, rt, 20 h

R
I (1.5-2.5 equiv.)
+-BuOCO, OCO,t-Bu

(14)

1) n-BuLi (1 equiv.), THF, -78°C
HMPA (8.5 equiv.) _
2) Pd(dppe), (0.02 equiv.)

diphos (0.1 equiv.)
THEF, reflux, 48 h

0,
( )ll

n=1,2 n=1:30%

D, % ¢
»@ A

(16)

X

——

L
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Pd(PPhs), (0.05 equiv.)

S .
O NEt; (2 equiv.) P
OH MeCN, 35-37°C, 30-45 min O
80% ce ¢! 95%, 80% ee
)
Subsequently, a number of furan (Egs. 18- 20)2342 and

pyran (Egs. 21 and 22)*%*%*3™% rings have been obtained
via mtramolecular additions of hydroxy groups to in situ-
formed n’-allylpalladium complexes,*® but the process has
a low efficiency with a tertiary alcohol as the nucleophilic

species.
70%
Pd(PPh;), (0.05 eq.)

)\(v)/\|/\ Et,Zn (0.5 equiv.) P h\ﬁ)/\
THF, 1t, 2 h

[Pd®] (0.05 equiv.)
DBU (1 5 equiv. )

dloxane reflux

=1,2  OAc 92-94%
(19)
Me
S
OCOEL, ; (dbays (0.05 equiv.) e
OH PPh; (0.2 equiv.) ¢ =
_— =
OH o Me O
THF, 50°C,24h  M¢] / 0%
Me Me
(20
Ph(CH,), Pd;(dba) (0.025 equiv.) py ) o
X HON dppb (0.01 equiv.) ? 2\/\()
Me0,CO —_—
: THF, 50°C, 24 h 65%
21
OCH,Ph
OCH,Ph OCH,Ph
Pd(PPh3), (0.05 equiv.)
—eeeee
THF, 25°C, 2 h
(22)

Low enantioselectivities have been reported in the
presence of chiral ligands such as (R)-Binap, (S,S)-
Chiraphos, (S,5)-Diop or (S,5)-BDPP,** while Trost’s
pocket ligands have allowed desymmetrisations leading
to bis-oxanes with up to 98% ee from meso-tetraol bis-
(allylic acetates) (Eq. 23),*” and to tetrahydrofuran
(Eq. 24)* or bis-tetrahydrofuran® cores with up to
97% ee from diol bis(allylic acetates).

Wang e t al. have synthesised a 6,11-O-bridged 9-keto-

erythromycin from the selective intramolecular addition of
a tertiary hydroxz?/ group to an allylic #-butyl carbonate
moiety (Eq. 25).%

Cyclic carbonates have been obtained with fair to high
yields from alkyl 4-hydroxybut-2-enyl-carbonates in a
sealed flask (Eq. 26).°° Without a sealed flask, the process
was less efficient and led, sometimes, to epoxides except for
the reactions carried out under a carbon dioxide atmosphere
(Eq. 27)°! (see Part D of this series of reviews).

2.3. n>-Allylpalladium intermediates from vinyl
epoxides

The Pd-catalysed addition of alcohols to vinyl epoxides
affords a mlxture of the two corresponding hydroxylated
allylic ethers,> the reaction becoming regloselectlve by the
addition of catalytic amounts of triethylborane,” and
enantloselectlve by the use of chiral ligands (Eqs. 28 and
29).53 The boron co- catalyst would enhance the nucleo-
philicity of the alcohol via the formation of an ‘ate’ complex
which, furthermore, induces the regioselectivity of the
substitution (Scheme 4).>> Nevertheless, intramolecular
reactions, leading efficiently to 2-vinyl-3-hydroxytetra-
hydro(furan)pyrans in the absence of boron species, have
been documented (Eqs. 30 and 31).4!-3%60

\Pd
o I/Q// OR
+ROH — HO\)\/
N E t; O\@/OR F
Et” \Et

Scheme 4.

2.4. n>-Allylpalladium intermediates from alkylidene
cyclopropanes

The reaction of primary, secondary or tertiary alcohols with
alkylidene cyclopropanes led to the corresponding allylic
ethers, the efficiency of this hydroalkoxylation depending
greatly on the nature of the alcohol (Eq. 32). The proposed
mechanism, which involves, as the first step, the insertion
of Pd° into the RO-H bond (Scheme 5), rather than the
palladium-mediated activation of the alkylidene cyclo-
propane, has been substantiated by deuterium-labelling

experiments.®!*%?
\QROH

Scheme 5.
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Pd,(dba);.CHCI; (0.02 equiv.)

<
NH NH
OAc OAc (o) o)
PPh, Ph,P (0.06 equiv.)
OH OH OH OH
THF, rt j
O, O, (0)
F AN s AN
+
OH OH OH OH
42% 58%, 98% ee
Pd,(dba);.CHCl; (0.04 equiv.) N (016 equiv.)
<
NH NH
HO H
G OAc (6} (0) 7 o H
PPh, Ph,P o
S - \
3 OAc THF, 0°C to 1t
HO 87%,dr=5:1  OAc
OCO,#-Bu
(0]
Me \\\Me
Pas(dba); o o
NMe, (01 eauiv) HOa ) AcQ NMe,
dppb e\ Me
(0.2 equiv.) " .,
— ™ o Ko}
THF o
reflux, 3 h
Me 0 /0 Me
Me Me Me
p 90% -
M2 i ' ML Toac
OMe OMe
(¢}
OH OCO,#-Bu o) o)
Pd(PPh3)4 (0.05 equiv.) }—L
——— \\
CH,Cl,
97% ee sealed flask, rt, 15 min 91%. dr = 96:4
. (¢}
Pd,(dba);.CHCl; (0.05 equiv.) 0
HO dppf (0.2 equiv. )I\ .
:%<A§b/~\OO%Me WPIOZ i) Ny nCsH— N A
n-CsHyp  n-CsHyy dioxane, 50 °C, 4 h )rL n-CsHy;
n-CsH —
stV CoHy
under CO, atm: 86% 0%

under argon bubbling: 17% 20%

5961

(23)

(24)

(25)

(26)

@7



5962 J. Muzart / Tetrahedron 61 (2005) 5955-6008

Pd,(dba);.CHCI, (0.01 eq.)

T //o

CoHig PPh (0 03 equiv. E (23)

0 )Ph P
F =:
MeO i BEt; (0.01 equiv.), CH,Cl,, rt C9H19
(1 equiv.) 69-74%, 97-99% ce
‘ (\ ’//
NH
PPh, Ph,P (0 015 equiv.) j (29)

0 HO Pdy(dba);.CHCL; (0.005eq.) 1O
s TN N

BEt; (0.005 equiv.), DMAP (0.05 equiv.)
CHzclz, 1t

n=1-3

Pd,(dba);.CHCI; (0.04 equiv.) OH

PPh; (0.16- 0.32 equiv.) n
HO 3
‘(\an/\<cl)"«/

—»
THEF, r t, 30-60 min (0)

n=1(80%, dr=9:1), 2 (84%, dr = 2:1)

(30)
CO,Et
OH_Z pa(0Ac), (0.07 equiv.)
|\ PPh; (032 equiv.)
. 0 ——
™ oW CH,Cly, 1t,2 h
3D
0 ° 1
.l
Ph\\“l\o\\“ \\—COZEt

77% OH

Pd(PPhs), (0.05 equiv.)
CHIs po-tol); (0.1 equiv.)
ROH + |>=/ - 5 0 CHis
(1 equiv.) THF or PhMe, 100°C,3d K
R = PhCH, (69%), CH,=CHCH, (30%), -Bu (63%), i-Bu (24%), EtMe,C (25%)

(32)

2.5. n>-Allylpalladium intermediates from allylic
chlorides

Furfuryl derivatives with an ether linkage to a methylene-
cyclopropane moiety have been synthesised via the
substltutlon of 1-chloro-1-vinylcyclopropane with furfurols
(Eq. 33).

H
80-84% yield, 90% ee

Pd(dba), (0.02 equiv.)

1 /mOH Cl dppb (0.02 equiv.)
+ —_—
R o r? R2 I><= NaH (1.1-2.2 equiv.)
RI=H,Me,OMe (1,12 equiv, THF- 20°C: 2:24
RZ= H, Me (33)

Rl/&(ON

66-96%

2.6. nS-Allylpalladium intermediates from allylsilanes

Szab6 et al. employed allylsilanes to form the m*-allyl-
palladium intermediates, and carried out the Pd-catalysed
cyclisation in i-PrOH of allylsilanes containing hydroxy
groups, in the presence of an excess of CuCl, (Eq. 34) or
2,3—dichloro—5,6—dicyanobenzoquinone.42’64 These addi-
tives have a dual role, as an oxidising agent for the
regeneratlon of the Pd" catalyst, and as an activating agent
of the m’-allylpalladium intermediate® towards nucleo-
philic attack. The alcoholic solvent facilitates the palla-
dadesilylation step, in leading to alkylsiloxanes, and may
also act as a weak base that assists in the deprotonation of
the hydroxy group. It seems interesting to point out that the
nucleophilic attack by the internal hydroxyl was much faster
than that by the external alcohol.

Li,PdCly, (0.05 equiv.) HO"z?

N SiMe; CuCl, (2.5 equiv.)
HO OH  PrOH. 25°C ,h
i-PrOH, 25°C, 1.5 86% O _

(34)



J. Muzart / Tetrahedron 61 (2005) 5955-6008 5963

2.7. n>-Allylpalladium intermediates from alkenes

The allylic methoxylation of the endocyclic double bond of
limonene, which has been carried out effectively (Eq. 35),
probably involves n’-allylpalladium intermediates.®

Me Me
Pd(OAc?z (0.05 equly.) MeOy, MeO/,'
benzoquinone (2 equiv.) ‘

_— +
TsOH (0.1 equiv.)
MeOH, rt, 6 h 93% 7%
Me Me Me

(35)
2.8. n°-Allylpalladium intermediates from 1,2-dienes

2.8.1. From allenes. The annelation of allenes with vinylic
iodides bearing a hydroxyalkyl group provides five-, six- or
seven-membered heterocycles (Eqgs. 36-38) via the addition
of the vin3ylpalladium iodide to the allene affording a
cationic m-allylpalladium intermediate, from which the
final adduct is produced (Scheme 6).6"~%°

Pd(OAc), (0.05 equiv.)
Me PPh; (0.05 equiv.) Me o
\(\OH+ n-BuyNCI (1 equiv.) |
= _______
1 R NayCO; (5 equiv.) R
(Sequiv.)  DMF, 80°C

R = n-CgHy, 72 h: 88%
R = OMe, 48 h: 95%

(36)
Pd(OAc), (0.05 equiv.)
PPh; (0.05 equiv.)
Me>_<— OH n-BuyNCl (1 equiv.)
— + ==\ - >
M I . OMe Na,COjs (5 equiv.)
e (5 equiv.) DMF, 40 °C, 72 h
37
Me Me (37)
(0}
Me” N\ Me”
o + OMe
34% OMe MeO 52%
(0] PdL, I OH
+ base'HI FY
1
I OH
PdIL,
base
— ——
®
I OH OH
I@ = |
(< PdL, PdIL,
Scheme 6.

Pd(OAc), (0.05 equiv.)
PPhj; (0.05 equiv.)

wOH #-Bu,NCI (1 equiv.) (38)
+ =ﬁ —_— O

I . Na,COjs (5 equiv.)
OM
(5 equiv)PME pViE 40°C,20h  56% OMe

2.8.2. From allenols. In contrast to Tsuji et al., who
synthesised B-disubstituted-a,B-unsaturated carbonyl com-
pounds from 1,2-dien-4-ols and aryl or alkenyl halides (see
Eq. 46 in Part B?),”” Ma et al. have obtained substituted
vinylic oxiranes (Eq. 39), the optically active allenols
leading to the corresponding adducts without loss of
chirality (Eq. 40).”""? In fact, Kang et al. have previously
obtained epoxides from the Pd-catalysed reaction of
secondary 1,2-dien-4-ols with hypervalent iodonium salts
such as diphenyliodonium tetrafluoroborate, demonstrating
the decisive role of the nature of the base and the C-4
substituent on the course of the reaction, the cyclic
carbonates being obtained in some cases (Eqs. 41-43).”

Pd(PPhsy), (0.05 equiv) R
='=: K,COs (4 equiv.)
- R
n-Callo + Rl [upsassec
HO (1.06 equiv.) O n-C4Hy

R =Ph (14 h: 71%, dr = 96:4), E-PhCH=CH (24 h: 65%, dr = 92:8)
(39)

n-C,Ho Pd(PPh3)4 (0.05 equiv.)

K,COj3 (4 equiv.
> wCelyr + | 2CO;3 (4 equiv.)

DMF, 55°C
HO N
(98% ee) (1.06 equiv.)
(40)
n-CgHys

I’I-C4H9
\

(52%, 98% ee)

Kang et al. have also used hypervalent iodonium salts for
the arylation of 1,2-dien-6(or 7)-ols to obtain 2-(2-styrenyl)-
tetrahydrofuran(pyran)s (Eq. 44).”* Kang’s team seems to
prefer a mechanism involving an n*-allylpalladium inter-
mediate (Scheme 7), rather than the nucleophilic addition of
the hydroxy group to the allene moiety activated by
PhPdBF,,”>’* this latter possibility corresponding to the
mechanism depicted in Scheme 24, path b (see Section
3.3.5).

Ph
o Ph,IBF,
) pd°
+ base,HBF,
PhPdBF,
S HO}
base Ph
)\/\/\ n
7 I N n OH
Pd" BF,

Scheme 7.
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R = 2-furyl

52%
K,CO3 (2.5 equiv.) ™\
R = 2-furyl “63%

Cs,CO5 (2.5 equiv.)
Pd(OAc), (0.05 equiv.)

PPh; (0.2 equiv.
o PPhs (02 cquiv)

HO Ph,IBF, (1.2 equiv.)
DMF, 60°C, 3 h R =i-Pr

2.9. n’-Allylpalladium intermediates from 1,3-dienes

2.9.1. Intermolecular reactions. Since its discovery in
1967,75’76 the telomerisation of 1,3-dienes with alcohols has
been the subject of intensive research, because this process
leads to functionalised compounds, which are useful as
building blocks for fine chemicals and industrial prepa-
rations.”” Many studies have been carried out with
butadiene and methanol; mixtures of linear and branched
isomers containing two butadiene units and the alkoxy
functionality are usually produced,”® ™ via the simplified
reaction course shown in Scheme 8. A variety of alkanols,go’81
ethylene %lsycol,sz’83 and polyols,* especially carbohydrates
(Eq. 45),® these latter substrates affording non-ionic
surfactants,90 have also been used. The telomerisation of
other 1,3-dienes with alcohols has been less studied;
isoprene has led to terpenoic ethers (Eq. 46),°"°% which
were obtained optically active in the presence of chiral
ligands.”?

/ (0}

F

i-Pr
M \H

K,CO;3 (2.5 equiv.)
73%

R =i-Pr
Cs,CO; 25 equiv.) 590,
(6)

O

i-Pr

HO

Pd(OAc), (0.0066 equiv.)
(0]
PPh; (0.013 iv.
HOI OH + A\F 3(—equi)
. NEt;3 (1 equiv.)
> (6 equiv.) .
HO /OH DMEF, 75°C, 45 min
HOIn OR + ( >.NOR
A RO™\—"OH
z
HO ¢go,, OH 23%

R = CH,CH=CH(CH,);CH=CH, (major),
CH(CH=CH,)(CH,);CH=CH, (minor)

Scheme 8.

Pd(PPhs)4 (0.05 equiv.) Ph

K,CO; (2.5 equiv.
=\_) + Ph,IBF, K2C05 (25 equiv,) )\Q
Do (1.2 equiv.) MeCN. 60°C. 3h

n=1(76%), 2 (74%)

(41)

(42)

(43)

)n

(44)

(45)
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Me
Me [(n3-ally)PdCl], (0.01 equiv.) Me
W +MeoH  PPhs (0.04 equiv.) | )
MeONa (0.06 equiv.)
(excess) 1, 2d I I
OMe OMe
M
€ 90% 9%

(46)

A number of studies have been carried out to control the

chemo- and regioselectivity,”**> and to obtain better’>*®
and/or recyclable catalysts (Eq. 47),%7'%! with in
3,87

addition, the use of aqueous biphasic systems,®
water,®” §90.102-103 or ionic liquids'®* as solvents.

Pd(TPPTS),/KF-Al,O;
NN (0.00025 equiv.)

+
MeOH 60°C, 1h
(1.5 equiv.)
OMe

OMe \)\/\/\ butadiene
\/\/\/\/ N N dimers
ratio: 68:6:26 to 73:4:23

TON, Ist run: 360, 2nd run: 440, 3rd run: 320, 4th run: 360
47)

The telomerisation of butadiene with aminoalcohols affords
mainly N-(octadienyl)-aminoalcohols (Eq. 48), but the use
of a hydrog)hlhc phosphine can promote the etherification
(Eq. 49).!

benzyl alcohol as the trapping reagent (Eq. 51).'"!

EtO,C ><ﬁ
EtO,C A SN
EtO2CWOCH2Ph
EtO,C KN

88%, trans/cis = 7:1

Pd(OAc), (0.05 equiv.)
PPhs (0.1 equiv.)
—eee R

PhCH,OH, 25°C

61V

The intermolecular 1,4-dialkoxylation of cyclic 1,3- dlenes
has been particularly studied by Béackvall’s team, BN who
proposed an enantioselective procedure based on the use of
a chiral hydroquinone derivative as the ligand (Eq. 52)."'*!"°
When the 1,3-diene is treated with a mixture of a primary,
secondary or tertiary alcohol and acetic or benzoic acid,
the corresponding 1-acyloxy-4-alkoxy product can be
obtained with a high chemo- and stereoselectivity
(Eq. 53);''%!1° the accepted mechanism involves coordi-
nation of the diene to palladium, followed by trans attack
of the alcohol at one extremity of the diene, to afford a
4-alkoxy-substituted n’-allylpalladium complex having an
acyloxy ligand, the cis-migration of this ligand producing
the final adduct.

AN N0

MeHN OH Pd(acac), (0.1 equiv.) / PPhs (0.2 equiv.)

n
AP 80°C,20 h PPh,(CyH,-m-SO3Na) (0.2 equiv.)
(excess) F N

N o\)

100%

Although the intermolecular reaction of alcohols with
1,3-butadiene leads generally to octadiene derivatives, 1:1
adducts are sometimes produced as minor compounds'®®
and this reactive pathway becomes highly selective with
(n%-C4Hg)Pd(R,PC,H,PR,) as the catalysts (Eq. 50). 107
In contrast, alkoxy ethers contalnmg up to six butadlene
units have been obtalned using either cationic n*-allyl-
palladlum complexes'®® or cationic cyclopalladated com-
plexes.'” A Japanese patent has recently claimed the
selective synthesis of 2-cyclopentenyl methyl ether, via
the ammonium tetrachloropalladate-catalysed addition of
methanol to cyclopentadiene at 40 °C.''°

(-C4Hg)Pd(Cy,PCH,CH,PCy,)

i M
A\ +BuoH {0.01 equiv) /\l/ ¢
THF or PhMe
(excess) 80°C, 30 h OBu
conv.: 90% yield: 44% (50)

+ Me/\/\OBu+M

L\ om,

38% 7%

Takacs et al. have stereoselectively prepared functionalised
ring systems, via the carbocyclisation of tetraenes with

Me

92%

(48)
_Me
(49)
Pd(OAc), (0.1 equiv.), L* (0.1 equiv.)
MeSO;H (0.2 equiv.), Fe(Pc) (0.03 equiv.) EtO OEt
y EtOH/CH,Cl, (1:4), O, (1 bar), rt, 24 h
P

Ph 4504, 54% ce

Fe(Pc):
OH O
L*: \
OH \F
& |

é?%\%

(52)
Pd(OAc), (0.05 equiv.), H,SO, (0.025 equiv.)
benzoquinone (2 equiv.)
AcOln OMe
AcOH (2.6 equiv.), MeOH (4 equiv.) .
CH,Cly, 't 60%
(53)

Oxygen heterocycles have been obtained through domino
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reactlons involving Heck arylation of an 1,3-diene leading
to an M -allylpalladium complex, the attack on which by a
hydroxy g7roup affords the annelation product (Egs. 54
and 55).!"

Pd(OAc), (0.05 equiv.)

PPh; (0.05 eq.)
KOAc (3.5 equiv.)
—_—
/\/\C4H9 n-BuyNCl (1 eq.)

I (5 equiv.)

DMF, 80°C, 24 h (54)
O
/
C,H
56% e
. Pd(OAc), (0.005 equiv.)
. HO K,CO; (1 equiv.)
—eeee
MeO,C Z N DMSO, 85°C, 16 h

Me (2 equiv.)
(55)

(6)
Me 80%

e

AcOy,,

—
AcOH, 20 h

LiOAc (105 equiv.) ,
LiCl (0.3 equiv.)

Pd(OAc), AcOH, 20 h

Com
(0.05-0.1 equiv.) ’ o)
benzoquinone
HO i

2.9.2. Intramolecular reactions. The intramolecular Pd-
catalysed addition of a hydroxy group to conjugated dienes
led to heteroannelation products bearing a chloro, acetoxy,
hydroxy or alkoxy substituent (Eqs. 56—69). The reaction
conditions have an important influence on the nature, stereo-

and regioselectivity of the introduced substituent,''®~'?® and
also on the reproducibility of the results.'?’
Me Pd(OAc), (0.05 equiv.)
benzoquinone (2 equiv.)
Me)\/WOH —e
o Me,CO/HOACG (4:1)
€
OAc
Me
=
Me Me
74% O
(57)
(58)

42%

¢ e(I]Tuw.) LiCl (2 equiv.) dj \Q:j (59)
[ Meco

57%

Li,CO5 (3 equiv.)

MeSO;H (0.1 equiv.) PO
EtOH,10 h

87%

12%

(60)

;> h ©1)

Me,CO/AcOH (4: 1) o = 1:86%
24 h =2:82%
OH Pd(OAc), ’>)
. . . n
. (0.05 equiv.) LiCl (1.8 equiv.) . vy (62)
benzoquinone Me,CO/AcOH (4:1) n=1:73%
(2 equiv.) 24 h Cl n=2:70%
rt 0
MeSO3H (0.1 equiv.) .,/> (63)
MeOH, 5 h 73%

MeO
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Pd(OAc), (0.1 equiv.)

Me Me
benzoquinone (2 equiv.) Me
> o T
H,0/AcOH/Me,CO (8:2:1)
/ HO Me AcO

(<

Me Me OH i, 15h 85%

Me

Me_ Me

Me
© (64)

H
Mo Pd(OAc), (0.05 equiv.) Me Me ., Me M ©_—, Me
benzoquinone (2 equiv.) = Mf s 4’41—1

LiCl (1.7 equiv.), K,COj3 (3 equiv.) 0 ©5)

Me,CO/AcOH (4:1)
50°C, 48 h

41%

Me,CO/AcOH (4:1) o

AcO
LiCl (0.2 equiv.)
Me,CO/AcOH (4:1 =
Pd(OAC), 2 1) = 0
O/\‘ (0.05 equiv.)

benzoquinone ' H

OH ™3 equiv.) _ o a 5

t LiCl (2 equiv.) _

Me,CO/AcOH (4:1)

I iy

EtO,
MeSO;H (0.1 equiv.)

EtOH

The intramolecular diene-to-diene coupling with intra-
molecular trapping provides two rings, via the stereo-
selective addition of carbon and oxygen across an
internal diene subunit (Eq. 70).'*®

Me HO
Pd(OAc), (0.05 equiv.)
P \F PPh; (0.15 equiv.)
—_—
NN THF, 65°C, 24 h AN 65%

(70)

2.10. n’*-Allylpalladium intermediates from alkynes

According to Yamamoto et al., the hydroalkoxylation of
internal alkynes catalysed by a mixture of Pd(PPhs), and
benzoic acid (Eq. 71) involves, firstly, the isomerisation of
the substrate to the corresponding allene (Scheme 9). This
process led to dendritic molecules from polyols (Eq. 72),
and to five- or six-membered cyclic ethers from the
intramolecular reaction of hydroxyalkynes (Eq. 73).'*° A
similar procedure was reported by Zhang et al.,"**'*! while,
subsequently, a dramatically reduced reaction time was
observed by Yamamoto et al. in carrying out the inter-

>
MRS
S
Q- :\@/:

\
T d]
Q.

(66)

(67)

(68)

0 91%

(69)

85%

molecular allylations of alcohols with alkynes under micro-
wave activation and solvent-free conditions (Eq. 74).132

Pd(PPhy), (0.1 equiv.)

PhCO,H (0.1 equiv.)
Ph—=—=—Me + ROH —————————
(1.2 equiv.) dioxane, 100°C,3 d P

R = CH,Ph (96%), CH,CH=CMe, (95%), (CH,);Me (83%), (CH,),Ph (85%),
CH,Cy (91%), MeCH(CH,)sMe (83%), Cy (82%), CHPh, (85%)

/\/\OR

(71)
N Pd’
Ph/\/\OR Ph—==—=—Me
PhCO,H
ROH
HPdOCOPh
PdOCOPh PAOCOPh
)
ph” 7
Me
Scheme 9.
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1-BuMe,SiO
HO OH
=—Me +
Pd(PPhs), (0.3 equiv.)
-BuMe,SiO (6 equiv.) HO PhCO,H (0.3 equiv.)
dioxane, 100°C
overnight

I S o N

Ar = 3,5-(+-BuMe,Si0),CsH;

0% NoT N\,

(72)
Pd(PPhy), (cat) o
o )a PhCO,H (cat.) \ n
dioxane, 100°C
HO R 0 R
=1,R=H (82%);n =1, R = Me (75%)
=2 R =H (33%); n =2, R = Me (50%)
(73)
Pd(PPh3)4 (0.05 equiv.)
PhCO,H (0.2 equiv.)
Ph—=—=—Me + ROH ————————> Ph/\/\OR
(1 equiv.) microwave (500 W)
§min p _ CH,Ph (88%), Cy (82%)
(74)

The Pd’-catalysed addition of p-methoxyphenol to 4-methyl-
oxycarbonyloxy-2-butyn-1-ol, leading to the corresponding
d,B-unsaturated aldehyde (Eq. 75), which would occur as
shown in Scheme 10, path a, is not a general reaction'®? (see
Part D of this series of reviews). When the hydroxy group of
the substrate is tertiary, the reaction may evolve towards the
formation of an epoxide (Eqgs. 76 and 77) and a small amount
of a dihydrofuran; these reactive pathwa?/s (Scheme 10,
paths b and c¢) are also not general, 4 and can
be greatly dependent on the nature of the ligand'?’
(see Part D).

Pd,(dba);.CHCI; (0.05 equiv.)

Ar = p-MeOCH,
dppe (0.2 equiv.) 1=p-MeOCqH,

HO 0CO,Me ArOH (1.1 equiv.) 0 Me
\é/ M
—_— CO, atm, dioxane H Z OAT
sealed tube, 50°C, 2-5 h 49%
(75)
OH
Me 0CO,Me
Me Me
Pd(dba);.CHCIy (0.05 equiv.) Ar— , MeOCH, (76)
dppe (0.2 equiv.) o "\
: Me N\
ArOH (1.1 equiv.) Q OAr

H
CO, or Ar atm, dioxane

sealed tube, 50°C, 4-24 h Me
argon: 87%, CO,: 85%

Pd;(dba);.CHCl; (0.05 equiv.) O Ar = p-MeOCgH
dppe (0.2 equiv.) 64

HO 0CO,Me
ArOH (1.1 equiv.) Bf OAr
Et Et CO, atm, dioxane /
O,
sealed tube, 50°C, 2-5 h 42% Me

(77)

3. Oxypalladation of unsaturated carbon-carbon bonds

3.1. Oxypalladation of alkenes

The formation of acetaldehyde from eth lene, water and
PdCl,, discovered in 1894 by Phillips,'*® has led to the
Wacker process,'” which requires only catalytic amounts
of the palladium compound. The activation of the C=C
bond by coordination to Pd", and the regeneration of the
catalyst, are the key steps of this process; its most extensive
application in organic synthesis is the specific oxidation of
terminal alkenes into methyl ketones.'*® Alcohols instead of
water have been used,"*® and it has been assumed that they

O Pd* MeO Pd*

ocone Pdo Me | Aon |
/‘ I - C02 \_/ — HOW
d” MeO

R =H, path a Il)d+

HO &,
W
H - Pd’, - MeOH

H
Moo OAr

(R = alkyl, paths b and c:)

MeO'W Il’d+
HO \

- MeOH
R R OAr

Scheme 10.

R R Oar

HO\/\( e N
J‘\/g\
OAr H OAr

(0)

A

ﬁ Pd+ ) / OAr
~pd°

0
R
R OAr Pdo

OAr
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attack, Prlmarily externally, the (nz—oleﬁn)Palladium com-
plexes. Nevertheless, as with water, 41 the stereo-
chemistry, syn or anti, of the oxypalladation of olefins
with alcohols can be greatly dependent on the additives.'*?

3.1.1. Intermolecular addition of alcohols to alkenes.
The intermolecular Pd"-catalysed reaction of an alcohol
with a C=C bond can lead to a variety of compounds, as
summarised in Scheme 11.

In 1969, Lloyd et al. disclosed that terminal olefins and
cyclohexene were oxidised to ketones by catalytic amounts
of PdCl, and CuCl, in oxygenated alcoholic solvents with,
sometimes, the possibility to isolate the intermediate ketal,
in particular with ethylene glycol as the solvent.'** The
PdCl,/benzoquinone catalytic system has also been used,
cyclopentene producing cyclopentanone and slight amounts
of both cyclopentenyl ethyl ether and 1,1-diethoxycyclo-
pentane in anhydrous ethanol.'#+14 The cleavage of the
ethers and ketals is probably due to the Lewis acid
properties of the metal salts and to the presence of traces
of water. Nevertheless, high yields of acetals have been
obtained from various terminal alkenes (Eq. 78), 146151 ¢
the course of these reactions can be strongly influenced
by the presence and the nature of an allylic heteroatom
(Eq. 79). 152 The literature also contams examples of the
formation of ketals from terminal'>? and non-terminal
alkenes.'*’

PdCly(MeCN), (0.1 equiv.), CuCl (0.1 equiv.) OMe

HMPA (0.1 equiv.), MeOH (10 equiv.) R\)\
R _Z >
~~ 0, (balloon), DME, 50°C OMe

R = MeOCO (5.5 h: 92%), AcOCH(CN) (2 h: 80%)

(78)

Li,PdCl, (0.1-0.2 equlv ) oM

acrylomtrlle has been carried out in supercr1t1ca1 carbon
dioxide' or using supported Pd" catalysts.'”

The Pd"-catalysed hydroalkoxylation is effective for
terminal alkenes activated by a carbonyl or acetal group
(Eq. 81), but is not observed from acrylonitrile and
unfunctionalised alkenes such as styrene or 1-hexene;3"1%°
the catalytic cycle proposed by Abu-Omar et al. is shown in
Scheme 12.

0 PACL(MeCN), (0.04 equiv.)
+ ROH - L
Me)‘\/ o Me

CHCl, 25°C, 2 h-4 d
R = Me, (Me),CH, PhCH,, PhCHMe 60-97%

OR

81)

Hosokawa’s and Abu-Omar’s teams proposed that these
hetero-Michael addition reactions are initiated by Pd"
activation of the olefinic double bond.'>*'3*!5® The Lewis
acid properties of PdCl, additionally permit an activation of
the carbonyl group via its coordination to the metal atom. In
contrast to these suggestions, Spencer et al. have assumed
that these reactions are catalysed by H™, rather than Pd",
i.e. by a Brgnsted acid, rather than by interactions of the
conjugated system with PdClz,16  this proposal was asserted
on the basis of the failure of the reaction in the presence of
2,6-di-tert-butylpyridine (Eq. 82). According to Spencer et
al., residual moisture or water released through acetal
formation would hydrolyse PdCl, to afford HOPdCI and
H™. Thus, an additive with Brgnsted basic properties such
as 2,6-di-z-butylpyridine, that would be unable to coordinate
to metal ions due to the bulky fert-butyl groups, traps H™
and quenches the reaction.'

Y = (PhCH,),, 50°C, 10 h: 81%
Y = PhCHMEeNH, -10°C, 72 h: 10%
Y = PhCH,S, 50°C, 36 h: 88%

Y = PhCH,S(CH,),, 50°C, 60 h:  56%

The diastereoselective acetalisation of chiral methacryla-
mides with methanol involves a frans-methoxypalladation,
followed by a 1,2-stereoselective hydride migration, as
determined using a deuteriated substrate (Eq. 80).'>*'%*

0 0 PdCl, (0.1 equiv.)

D MeOH (10 equiv.)
CuCl (1 equiv.)
—_—

M D 0, (balloon)
 Pr DME, 50°C, 36 h

MD .\\D
M§ S
82%, 3:1

More recently, the acetalisation of acrylate esters and

N —

(80)

82% 79

PdCl,(MeCN), (0.1 equiv.)
(¢}

2,6-(+-Bu),Py (0 or 0.11 equiv.) §
M+ memon SN
Et (1.5equiv.) ~ CHaClp, 1t,0.5-24h By OCH,Ph
without 2,6-(¢-Bu),Py: 85%
with 2,6-(-Bu),Py: 0%

(82)

In the presence of chloride anions, the reaction between an
alkanol and an allylic alcohol under Pd" catalysis produces
an allylic ether through the formal elimination of palladium
hydroxide (Eq. 83),192163 o1 a B-keto ether (Eq. 84), 162,164
the course of the reaction depending on [Cl ], as studied
metlculouslg/ gf Henry et al. using optically active
substrates. %310 Nevertheless, Hosokawa et al. have
observed that the PAOH elimination can occur even in the
absence of a high [C] ], provided that the allyhc alcohol
bears a COOR group at the a-position (Eq. 85).'°
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\)\I R,\/L/\Adx

OR

R’\/K

R‘\/\ u 3( HPdX
\ \ RO OR
- pd’
l PdX, OR _pd)(2 Me
R' ~_ ROH
\/\\ X R OR
X,pd  -HX A
H - HPdX \
PdX P d R 0
NN\ A
R / ROH /
- HPd R' OR
- HPdX \/\r
0 -PdX,
R\ A~_-OR Pd R\ _~_-OR OR
R'\)\/OR
Scheme 11.
PdClz(MeCN)z
MeCN
)‘\// MeCN
Pd Cl
PdCl,(MeCN
»(MeCN) Cl
(0]
ROH
)]\/\/_v OR
Me OR
Me
Pd
s
a1’ SNCMe
Scheme 12.
PdCl, (0.17 equiv.) compatible with the presence of various functional groups
Me OH LiCl (10.77 equiv., 2.5 M) OMe Me (Eq. 86). 167,168 Ag g possible mechanism, we suspect
|\/;\ CuCl, or benzoquinone (1.43 equiv.) /v\) oxypalladation of the dihydropyran, followed by protolysis
A MeOH, tt, 48 h of the resultant alkylpalladium with the in situ-produced
74% ee 68% ee HCI (Scheme 13), but according to the proposal of Spencer
(83) et al. (v1de infra),'® the whole reaction could be catalysed
by H
Li,PdCly (0.7 equiv.)
Me OH LiCl(0.7 equiv., 0.1 M) OMe O PdCl,(MeCN), (0.1 equiv.)
N benzoquinone (0.7 equiv.) 2 (84) ROH + R N
= Me Me 0 , 1t, 0.5- o) 0O
530 e ¢ MeOH.1t.8h 71%, 42% ce (1.1 equiv.)
R = TsO(CH,)g (86%), PhCH,O(CH,), (83%), allylO(CH,), (82%),
OH PhCH, (91%), Ph(CH,), (91%), +-BuMe,Si(CH,), (80%),
PACl, (0.1 equiv.) p-HOC(H,(CH,), (90%), c-CsH,,(49%), #-Bu (trace)
+ MeOH ———>» Me R
.\ DME, 50° 85 86
(5 equiv.) ,50°C CO,Me (85) (86)
CO,Me

R = H (77%), Me (48%, E/Z = 31:69)

The tetrahydropyranylation of alcohols is catalysed by
palladium chloride at room temperature, and this method is

3.1.2. Intramolecular reactions of alkenols. A variety of
oxygen-containing heterocycles have been obtained from
the intramolecular Pd-catalysed reaction of alcohols having
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: (/Pdaz @
HCI1
ClPd cl
Pd—
of

RO
ROH

Scheme 13.

an olefinic bond in the 4,5- or 5,6-position.'® This
heteroannelation involves the attack of the oxygen nucleo-
phile onto the Pd"—olefin complex to produce an n'-alkyl-
palladium complex, which evolves towards the final product
through a B-H elimination.

With DMSO as the solvent, the reaction requires sometimes
the addition of 8-10 equiv of acetic acid.'’® The regenera-
tion of the catalyst with oxygen in DMSO does not require a
copper salt as additive to be efficient (Eq. 87)."”"™'"* The
use of p-benzoquinone instead of oxygen was detrimental
to the selectivity in decreasing the yield of the allylic ether
to the profit of the corresponding homoallylic ether.'”’
In aqueous methanol, the heteroannelations were carried out
in the presence of stoichiometric amounts of copper acetate
(Eq. 88),174’]75 and may afford some ketals (Eq. 89).]76

y Pd(OAc), (0.005 equiv.)
—_—
m DMSO, O,, 23°C, 24 h (87)
HO 0

n=1,2,3 90-96%

SO,
Ph OH

Pd(OAc), (0.1 equiv.)

Cu(OAc), (1 equiv.) 'O /
—_—
O, (slow stream)  Ph "///

MeOH/H,0 (25:2), 1t, 24 h 40%
(83)
OH
Me Pd(OAC), (0.1 equiv.)
Cu(OAc), (1 equiv.)
4
7c0,Me

MeOH/H,0 (100:8), rt

CO,Me CO,Me

R )\ PA(OAC), (0.1 equiv.) )\

N OH iv) R~ R~

Cu(OAc), (3 equiv.) N (o) N (0)
——

+
DMSO, 70°C, 3 h \—{

| R =#+BuOCO 52% traces

CO,Me

(90)
COZMG PA(OAC), (0.05-0.1 eq.) Cone ?OZM"
OH Cu(OAc)2 (3eq.)orO, R\
DMSO 65-70°C, 2 h
= -BuOCO 76-80% 24/76
on

Since the above experiments require Cu' and/or O, for
the regenerdtlon of the active catalyst, the efficiency of
the Pd"-catalysed cyclisation of 1,3- dlmethylbenzmso-
chromenequinone reported by G1les et al. is surprising,
because no re-oxidant of palladium was mentioned
(Eq. 92).'81182 Actually, an effective synthesis of a benzo-
isochromene was subsequently reported, with CuCl, and
O, as additives, by one of the authors (Eq. 93)."% For
these reactions, the Pd"-catalysed mlgratlon of the C=C
bond could precede the oxidation step.'®*

O Me
PdClZ(MeCN)z (0.15 equiv.)
O‘ OH
CH2C12 rt, 5 min O‘
x & Me
0 conv: 72%, yield: 60%

92)

The heteroannelation was also obtained under basic
conditions, using Pd(OCOCF3),/pyridine in oxygenated
toluene (Eq. 94). It has been proposed that the
addition of the hydroxy group to the alkene activated
by n’-coordination to palladium affords an oxonium

O
//Cone //CO Me &O\zl\/{e &;Me&;Me (89)

4h: 11% 31% 5% 0%
8h: 10% 21% 10% 0%
24h: 3% 0% 24% 11%

Oxazolidines have been obtained through the Pd(OAc),-
catalysed intramolecular Wacker-type reaction of al _?lhc
carbamates bearing a hydroxy group (Egs. 90 and 91),'77'78
the annelation not being observed with PdClz as the
catalyst.'” The solvent, DMSO, has a unique role in
leadmg to sulfoxide-stabilised giant palladium clus-
ters, °" and the catalytic species are regenerated by either
Cu(OAc)z or O,.

10%
8%
8%

ion, which is deprotonated by the base, the subsequent
B-hydride elimination producing HPdX in liberating the
heterocycle. Under these conditions, the regeneration of
the active catalytic species by oxygen is assumed.'® Sasai
et al. have also used Pd(OCOCF3;), as catalyst, but
with chiral ligands under neutral conditions and
p-benzoquinone as co-oxidant, to carry out the asymmetrlc
6-endo cyclisation of alkenyl alcohols (Eq. 95).'8
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OMe Me
PdCl, (0.1 equiv.)
OO OH CuCl, (1 equiv.)
—_—
DME/H,0 (2:1)
MeO S o rh

OCH,Ph
93)
OMe Me
O

Meo/~i\\/k I I/Me

92% OCH,Ph

M

€ .
S Me Pd(OC.O.CF 3); (0.05 faqulv.) Me ~
pyridine (0.2 equiv.)
—————————
OH  Nay,CO; (2 equiv.), MS3 A 0

PhMe, O, (1 atm), 80°C, 3 h 87%

94
Pd(OCOCFj3), (0.15 equiv.)
MSN L* (0.18 equiv.)
M CH,OH p-benzoquinone (4 equiv.)
¢ CH,OH CH,Cly, 1t, 1421 h
L*: 95)
Me — R
i-P i-Pr
Me 0 CHQOH
i 0-N N~d" Nip

R =Me (70%, 70% ee), Et (86%, 70% ee), CH,Ph (81%, 63% ee)
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By slightly varying the reaction conditions with CuCl, as
the re-oxidant, Dai et al. have obtained three different
types of morpholine derivatives from the intramolecular
addition of an hydroxyl group to an allylic amine moiety
(Egs. 96-98)."®7 To explain the high diastereoselectivities
obtained from chiral substrates, the authors suggest the
coordination of both the nitrogen atom and the double
bond to a bimetallic complex (Scheme 14).

When the 1'-alkylpalladium intermediate obtained from the
intramolecular oxypalladation cannot undergo a fB-H
elimination, it can be trapped by an alkene to afford a
chain extension, as reported by Semmelhack et al., who
have carried out the heteroannelation of substituted 1,4- and
1,5-hydroxyalkenes in DMF (Eq. 99) with a regeneration
of the catalyst more efficient with CuCl/O, than with
p-benzoquinone or CuCl,/O,. In the case of styrene, which
is reluctant to react as a trapping agent, catalytic amounts of
acetic acid were added to get an appropriate reaction rate.'®®
Working in CH,Cl, with p-benzoquinone as re-oxidant and
chiral ligands, Sasai et al. have applied such domino
reactions, but with intramolecular trappings, to the synthesis
of optically active 6-endo cyclised products (Eq. 100).'518?

Even when a B-H elimination is possible, carbon monoxide
can react with the n'-alkylpalladium intermediate, as

reported in particular by Semmelhack et al. (Eqs. 101 and
102),170:190-200

I\llle
N Me
MeOH 73% (96)
48 h Me o o
MeO
Me I\l/[e
N Me Li,PdCly (0.1 equiv.) N Me
)/ I G Ceqiv) | THROWID [ Im ©97)
100°C 48 h Me
HO Ph
ud © Ph
I\l/Ie
N Me
THF/CF;CO,H (20:1
3COH @01 74% (98)
72h cl
(O) Ph

R' R!
) i/‘RB
N
Cl—Clﬁ\\/7\\ OH —> Cl—Cu
\ Cl—pyq -HCl
ClI— '~

Scheme 14.

R’ R\NE\Z’OR .
o =
> :

Me
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Pd(OAc), (0.1 equiv.) Ts Ts PACI Ts
CuCl (lequiv.) PdCl,, MeOH
/(I/)\n/\l\f+ A g ” \ = OMe - HPdCI \ OM
R! - (5 equiv.) Oz (balloon), DMF, 23°C R OH -HCI R OH e R OH e
- / R2 H* or P l—*— HPdCl
W Ts Ts
R! Me
0 OMe
n=1,R' = CH,CHMe,, R? = Ph, AcOH (0.2 equiv.), 24 h: 85% R ~
] 5 ! R o OMe - HPACI S Mpaci
n=2,R"'=H, R“=Ph, AcOH (0.2 equiv.), 24 h: 82% | (
n=1,R'=CH,CHMe,, R? = COMe, 2 h: 89% H
=] R'=H. R2= . 990
n=1,R"'=H, R“=COMe, 1.5 h: 92% Scheme 15.
99)
Me Me
Pd(OCOCFs), (0.1-0.2 equiv.)
Me” X Z “Me i-Pr
p-benzoquinone (4 equiv.)
HO OCOPh 0°C i-Pr
(0.12-0.24 equiv.)
Me | Me Me
H Me
Me /== Me, /=
+ + (100)
Me 0 Mé O OCOPh Me¢ O OCOPh
OCOPh
Me
CH,Cl,, 85 h: 65%, 95% ee 5%, 45% ee 26%, 60% ee
CH,Cl,/MeOH (1:1), 24 h: 89%, 82% ee 3%, 36% ee 8%, 57% ee
OMe O Me .
PdCl,(MeCN), (0.1 equiv.) PdCl, (0.5 equiv.)
OH CuCl, (3 equiv.) Ts CuCl, (3 equiv.) Ts
> Me,NCONMe, (5 equiv.
N CO(lam) I\\ - X qA ) b\ (103)
MeOH, 25°C, 6 h R Ol MeC(OEt); (0.4 equiv.) R o OMe
(0] MeOH, reflux, 5 h
oMe O Me (101) R = (CH,),Ph (95%), CH,i-Pr (81%), Ph (69%), Me (69%)
(0]
_COMe
O 89%, trans/cis = 3:2 PdCl, (0.5 equiv.)
Ts CuCl, (3 equiv.)
PACI, (0.2 equiv.) l_\ Me;NCONMe, (5 equiv.)
CuCl, (3 equiv.) R OH Me MeC(OEt); (0.4 equiv.)
—_—
+-Bu o N CO(lLlam) *Bu o CO,Me R =Ph(CH,), MeoH
MeOH, 24°C, 3 h 73% Ts (104)
(102)
Inomata et al. have disclosed the cycltl)fgetalisation Qf R o OMe R o Me
2-tosyl-3-butenols in methanol (Eq. 103).”™ On the basis
of Baldwin’s rule, the authors suspected that the O-C reflux, 20 min: ~ 17% 47%
rt, overnight: 52% 20%

bond formation by intramolecular addition to the C=C
bond activated by coordination to Pd", i.e. a 5-endo-trig
cyclisation, was unlikely. Thus, the oxypalladation of the
C=C bond with methanol leading to the corresponding enol
ether was proposed as the key step, and a possible reaction
mechanism is depicted in Scheme 15. When the substrate
bore a substituent in the 4-position, some furan
derivative was produced (Eq. 104).

In carrying out the heteroannelation of e-hydroxy-a., (-
unsaturated esters in MeOH, Sturgess et al. have
obtained masked B-ketoesters, the regeneration of the
catalyst being assumed with O, and a mixture of CuCl
and CuCl, (Eq. 105).2"!
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o PdCl, (0.1 equiv.) R 0
ol OMe CuCl, 3 equ.lv.)
CuCl (3 equiv.) CsHy, OMe
CsHuy - — > OMe
R O, (1 bar), MeOH
R =H (4 h: 87%), Me (76 h: 54%)
(105)

Having previously observed that, in #-butanol with oxygen
and a PdCINO,(MeCN),/CuCl, system as catalyst,
1-alkenes are oxidised preferentially to aldehydes rather
than methyl ketones, while allyl alcohol led to a 70/30
mixture of 3-#-butoxypropanal and 3-z-butoxy-2-propen-1-
ol,? Feringa et al. have oxidised primary and tertiary
homoallylic alcohols to cyclic acetals under such
conditions, isopro;z)anol instead of t-butanol also being
effective (Eq. 106).°” In contrast to other reports,204 in
particular that of Inomata,'*® a substituent’®* or a
coordinating group'*® on the allylic position is not
required to regioselectively achieve the oxidation at the
terminal carbon.

2 RZ

R
PACINO,(MeCN), (0.05 equiv.)
R! \ CuCl, (0.2 equiv.), Ol R! o
RI” OH R30H, 30°C R!' O

R'=R?=H, R?=r-Bu, 16 h: 94%; R! = Me, R> = H, R> = +-Bu, 2 h: 80%
R!'=Me, R?=H, R?=i-Pr, 2 h: 50%; R! = R?> = Me, R = 1-Bu, 2 h: 70%
R'=R2=Me, R®=i-Pr, | h: 60%

(106)

The Pd"-catalysed cyclisation of terminal 5-hydroxy-
alkenes in the presence of alcohols led also to a-alkoxy-
tetrahydrofurans,'*®2% and diastereoselective cyclo-
acetalisations have been observed (Eq. 107).2052%7
With these substrates, the reaction would involve, firstly,
the 5-exo-trig cyclisation and, subsequently, the alkoxyl-
ation of the intermediate exo-methylene (Scheme 16).

PdCl,(MeCN), (0.1 equiv.)
CuCl (0.2 equiv.) ~ MeO,C

MeO,C
2 I\/ MeOH (3 equiv.) bMe
Na,HP 1 iv. K
Me oH a,HPO,4 (0.15 equiv.) Me 0 //OMe
0O, (1 atm), DME, 50°C, 1 h
71%, de: 88%
(107)

With a 6-hydroxyalkene as substrate, the ketalisation
under Semmelhack’s conditions was, however, not
observed, as shown in Eq. 108, since a dihydropyran
was produced in methanol, the selectivity of the reaction
being very sensitive to the nature of the solvent.'”?

MeO, MeO,C

Scheme 16.

C G
PdCl MeOH
— b\/ PIC Tpact V&e_> .
_HCI R - HPdCl R R ‘s
R OH 0) (0)

PdCl, (0.2 equiv.)
D —

R Non N CuCl, (3 equiv.)
solvent, 24°C, 3 h

R =#BuCH,
ol (108)
/@ i Jiji ’ Jij\/
Cl
R (6) Me R (6) MeR (6)
in MeCN: 5% 50% 29%

in MeOH:  60%

The oxidative cyclisation of B’-hydroxyenones provides
2,3-dihydro-4H-pyran-4-ones, with no detectable racemi-
sation when the substrate was optically active (Eq. 109).
The regeneration of the active catalyst was best achieved
by oxygen and catalytic amounts of both CuCl and
Na,HPO,.?*® Oxygen can also be used as the sole oxidant
but, in this case, the presence of 0.1 equiv of Na,HPO, is
essential 2*®

PdCl, (0.1 equiv.)

OH O CuCl (0.1 equiv.)
/?\)]\/\ Na,HPO, (0.1 equiv.)
Ph(CHy),; Me 0, (balloon)
ee>97% DME, 50°C
(109)
0

I { 09)208

Ph(CHz)z (0) Me
61%, ee > 97%

The formation of a vy-butyrolactone from (E)-1-[3-
(trimethylsilyl)allyl]-1-cyclohexanol in an aqueous medium
(Eq. 110) is due to the trans-hydroxypalladation of the
silylated dihydrofuran intermediate (see Scheme 30 for a
similar reaction), as demonstrated from 1-substituted-4-
(trimethylsilyl)-3-butyn-1-ols.?*

O
OH .
PdCINO,(MeCN), (0.05 equiv.) 0
X SiMe;  CuCl, (0.25 equiv.)
MeCN/1 N aq. HCI (9:1)
Oy, 1t,10d 19%
(110)

Holzapfel et al. have carried out the intramolecular
oxypalladation of alkenes using the in situ formation of
the hydroxy group mediated by the acidic cleavage of a
cyclic unsaturated acetal substituted by an unsaturated
chain, this affording a dihydropyran. In addition, the
o-alkylpalladium intermediate has either been trapped
by carbon monoxide or substituted by a chloride anion
(Scheme 17).2"°

MCO2C PdH MCOZC

0~ “OMe
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OAc
0 OAc
E= CO,Et
E S P
N \— Or-Bu Q
E / Me
PdCl,(MeCN); (0.1 equiv.)
CuCl, (3 equiv.) E
\ AcOH/MeCN (1:1), rt f g%
(0}
OAc 30 min
OAc
OH
CO (1 bar),
E then 1) H,O,
=0 PdCl 2) CH,N,
Cl Vd
“pd A o
(ljl LiCl (20 equiv.)

Scheme 17.

3.1.3. Intramolecular reactions of alkenediols. A number
of di- and tri-oxabicyclo[x.y.1] systems (x, y=2 or 3),>' 7214
in particular beetle pheromones*'® such as brevicomins
(Eq. 111)*""21219 and frontalin,>**~*** have been synthe-
sised from unsaturated diols, the regeneration of the pa"
catalyst being achieved either by stoichiometric amounts of
CuC12,2'1_21‘’2]"’_’217_2]9’22"222 or catalytic amounts of this
salt associated with a stream of oxygen.?'*?!6-223:224 The
two alkoxylations can be intramolecular, even in the
presence of methanol (Eq. 112).2%

PdCl, (0.05 equiv.)

O
OH Me
CuCl, (0.24 equiv.) /\O
\OH >
M\\ 0, bubbling \Y H

Et DME, 65°C, 24 h 45%

Et
(111)

PdCly(MeCN), (0.05 equi

iv.)
HOCH, _~Z CuCl (0.05 equlv )
I\/ MeOH (3 equiv.) Me (112)
0O, (1 atm) o
ether, 30°C, 1 h 6%

Using catalytic amounts of PdCl, and excesses of both
CuCl, and AcONa in acetic acid, Tamaru et al. have
reported that the oxycarbonylation of 4-penten-1,3-diols led
selectively to bicyclic lactones when the C=C bond was
terminal, the acylpalladium intermediate being trapped by
the second hydroxy group (Eq. 113). The oxycarbonylation
of an internal olefin is ineffective or leads mainly to the
dihydropyran derivative (Eq. 113).%°> We suspect that (i) the
dihydropyran is produced from a 6-endo-trig heterocyclisa-
tion followed by the PAOH elimination and (ii) PdCl, was
used rather than Pd(OAc), because, in acetic acid

30 min

contalmng sodium acetate, Pd(OAc), reacts with CO to
give Pd°, CO, and Ac,0. 79.226 A variety of unsaturated
polyols170 197.198.200.227°231 have been cyclized using a
similar procedure (Eq. 114 and 115).""" 23 * The oxycarbo-
nylation has also been carried out without AcONa, using
THF instead of AcOH, but it seems that, with this solvent,
Pd(OAc), is the preferred catalyst (Eq, 116),%** PdCl,
mediating an OH/CI exchange (Eq. 117).%*

PdCl, (0.1 equiv.)
CuCl, (3 equiv.)
OH AcONa (3 equiv.)
——
=~ CO (balloon)
OH AcOH, 1t, 24 h

R

(113)

R =Me: 24% 37%
R=H: 60%

Me PdCl, (0.2 equiv.)
CuCl, (3 equiv.)
OMe NaOAc (3 equiv.) o
——
CO (balloon)
AcOH, 1t, 7-8 h

HO/,’ O Me

G OH (0] ’/H OMe
86-95% H
(114)
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PdCl, (0.1 equiv.)

OH CuCl, (3 equiv.)
AcONa (3 equiv.)
HO —_—
N €O (balloon)
OR AcOH, rt, 21 h
erythrol/threo = 1:1
HO,C
O~
2 N2
RO HO HO
R=CH,Ph:  19% 22% 33%
R =Me: 26% 0% 30%
R = Siz-BuMe,: 80% 0% 0%
(115)
OMe Me OMe Me
Pd(OAc), (0.3 equiv.)
OH  CuCl, (2.5 equiv.) 0
—ﬁ
CO (1 atm) ", (116)
z THF, 1t, 24 h =
OMe OH OMe 0‘<
61% %
OH PdCl, (0.01 eq.uivi) OH
CuCl, (3 equiv.) _ a
—ﬁ
N\ CO (1.1 atm), THF
74%
OH
(117)

Optically active dihydrofurans and small quantities of
furans have been obtained as the main products via,
apparently, the 5-endo-trig cyclisation of homochiral
3-ene-1,2-diols (Eq. 118).234 In fact, rather than a
Wacker-type reaction, the formation of the dihydrofurans
would involve the chloropalladation of the double bond and
the nucleophilic substitution of the resultant alkyl chloride
(Scheme 18).

PdCLy(MeCN), (0.05 equiv.)

OH
= OCH,Ph +~-BuOOH (0.1 equiv.)
——————————————
THF, 20°C, 1.5 h
OH

62%, 86% ee 2%

(118)

3.2. Oxypalladation of vinyl ethers

The Pd"-catalysed vinyl interchange between v1n 1 ethers
and alcohols, disclosed more than 30 years ago,”>**® has

PdCl, PdCl1
—_—
OH OCH,Ph 20w
H 2 H H

Scheme 18.

been applied to the etherification of various alcohols®*’24°

including sterols®*! and sugars®’>¥24> (Eqs. 119-121).

These reactions are sometimes carried out under an oxygen
242,243 244

atmosphere - or with trifluoroacetic acid as additive.
‘/
Pd(OAc), (0.015 equiv.)
1,10-phenan Ry

(0.015 equiv.)
—_—

+ Eto/\

CH,Cl, \\ 4y
R (1000 equiv) reflux, 721 RO OR
R=CH,Ph OR conv: 40% OR 32%
(119)
HO R= CH2Ph 0
PdClz(COD) o
’/& 0.1 equlv) Me OR
MeCN, rt, 24h
o OMe F ¢ ! 0 OMe
OR (2 equiv.) 93% OR
(120)
(0]
O
Me?( o + BuO/\
YCEEN Me (102 equiv.)
",
HO 07 Me
Pd(OAc), (0.05 equiv.) (121)
4,7-diphenyl-1,10-phenan o
(0.015 equiv.) Me O o
—— "
sealed flask Me 0
75°C, 4-7d Me

¢,//

(o)
/\ © 72% Me

The catalyst system is often obtained by coordination of
a phenanthroline to Pd(OAc),, but it has recently been
shown that the use of Pd(OCOCF;), instead of
Pd(OAc), substantially shortens the reaction times.?*’
In agreement with the mechanism proposed for the vinyl
transfer (Scheme 19, path a),*****? the reaction course
can switch to afford an acetal (Scheme 19, path b),>*¢%
or an ortho ester via a ketene acetal (Scheme 19, path c).>*
Mixed ortho esters have been efficiently obtained from the
addition of prlmary or secondary allylic alcohols to ketene
acetals (Eq. 122).*

PdCL,(COD) Me Z (CH,),Ph
Me (CH,),Ph  OEt (0.1 equiv.)
\/\|/ + — OEt
PhMe \|<
OH OEtgoCtor, 1h  92% OEt
(2 equiv.)
(122)

- (HOPACI + HC)

- (PACL, + H,0)

cl
OCH,Ph 0
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L\
/\OR'
ROH
back
to
catalytic
\ /\OR'
Lo x |® O
CL/Pd\ HOO CL\
2 0r i
CL
/\OR
Scheme 19.
OH OEt
Pd(OAc); (0.4 equiv.)
Cu(OAc), (2.5 equiv.)
A op ——— (123)
(10 equiv) MeCN.1t,2h

R =CHO (69%), CH(OMe), (71%) R

Et
; PdCl,(PhCN), (0.1 equiv.)
CF;COZH (0.1 equiv.)
PhMe, rt, 1 h
(1 2 equiv)  T8%ee Me

(124)

65%, 78% ee

Pd(OAc), (0.3 equiv.)
Cu(OAc), (2.5 equiv.)
—_—

E
NN Non T A onBu
(3.4 equiv.)

= - PdH
On-Bu <-——
(6]

90%

Et

Scheme 20.

MeCN, 25°C,20 h

cycle C ~ 'O_|®@ / CL/ \)\

The nucleophilic addition of an allylic alcohol to vinyl
ethers can lead to domino reactions, affording either
tetrahydrofuran derivatives®*’ > (Scheme 20 and
Eq. 123) or Claisen rearrangement products®**2>!-252
(Eq. 124). These reaction courses are not a general
rule,”® however, and the Claisen rearrangement can
require an elevated reaction temperature.>>?

3.3. Oxypalladation of cumulenes

3.3.1. Intermolecular reactions of alcohols with allene
and 1-methoxyallene. The Pd-catalysed dimerisation of
allene in the presence of alcohols affords 4-alkoxy-2-
methyl-3-methylene-1-butenes, with an efficiency decreas-
ing with the steric hindrance of the alcohol (Eq. 125).%*

e

On-Bu

pd"!

On-Bu
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Pd(dba), (0.02 equiv.)
PPhj; (0.04 equiv.)
——
ROH/THF (1:1) M¢
100°C, 2 h
R =Me (40%), Et, (16%), n-Bu (traces)

OR (125)

The oxypalladation of methoxyallene reported by Rutjes et
al. (Eq. 126) would occur via attack of the alcohol onto the
complex formed by the coordination of Pd" with the more
electron-rich oxygen-substituted double bond of the sub-
strate, the protonolysis of the resultant vinylpalladium
species leadlng to the acetal and to regeneration of the Pd"

J. Muzart / Tetrahedron 61 (2005) 5955-6008

MeOH, has subsequently been suggested (path b).*>® The
cyclisation of a bromoallene bearing two oxygen
nucleophiles has also been described (Eq. 130). It seems
useful to note that the formation of these heterocycles, in
particular the eight-membered ring, is sensitive to the
substitution, and that the reaction can affect only the
bromoallenyl moiety, as illustrated in Eq. 131.

Br
X Pd(PPhs)4 (0.05-0.1 equiv.)
MeONa (1.5 equiv.)

Me H —_—

MeOH, 25°C, 3-12 h

catalyst N—n
Ts/ *&—XH MeO OMe
Pd(OAc), (0.05 equiv.) Me Me
. dppp (0.05 equiv.) /( \ +
NEt; (1 5 equiv.) Ts—N X Ts—N X
MeO,C~ “OH OMe MeCN, reflux, 3h  MeO,C OMe TN N,
(excess) 98% X=0,n=1,3h  73% 9%
(126) X=0,n=2,6h 84%
X=TsN,n=1,10h 48%
X =2,4,6-Me;CH,080,N, n=2, 12 h 63%
3.3.2. Addition of alcohols to 1-bromoallenes. The (128)
1-bromoallenes are equivalent to allyl dications, and Tanaka
et al. have used this property for the intramolecular
aziridination of a bromoallene bearing a protected amino
group at the a-position. The use of sodium methoxide in Br
methanol and a palladium catalyst has led to the formation S PA(PPhy), (0.2 oqui Me OMe
of both C-N and C-O bonds (Eq. 127). According to the M H (PPh)s (0.2 equiv.) =
€ MeONa (1.5 equiv.) CO,Me
authors, the reaction involves an intermediate n’-allyl- N ———— " Ts—N
palladium bearing a methoxy group on the central carbon 4 MeOH, 50°C, 3 h COMe
56%
atom, and the 3 6subsequent nucleophilic addition of the CH(COMe),
nitrogen atom.
(129)
\Br MeO
> Pd(PPh), (0.1 equiv.) ;p,
iPr < ‘H MeONa (1.2 equiv.) R 4 (127)
N MeOH, 25°C,6h  H 1;1 H Br
K ,_ HO X Pd(PPhy), (0.1 equiv.)
R=24,6-M H R 3)4
+46-Me;CeH;080; 81%, de: 92% \—< %! McONa (2.2 equiv.)
—_—
Tanaka et al. have synthesised medium-sized heterocycles /N_\_ MeOH, 1t, 5 h
via the cyclisation of bromoallenes bearing an oX Ts OH
nitrogen or carbon functionality (Egs. 128 and 129).* = MeO OMe (130)
(Egs. 128 and 129). The proposed reaction course (Scheme o
21) involves intramolecular nucleophilic addition to a HO S HO
n°-propargylpalladium complex to produce an n>-allyl- N + g o L0
palladium intermediate reacting w1th methanolate TN NP N
(path a).>>” The generation of the n -allylpalladium , I]I %s
0,
through a palladacyclobutene, which is protonated by 45% 31% 11%
o Pd 1|>dx
Me Me U
R " N MeOH W MeO
Me
N—(-\<,_ R—N, Nu T r—N Nu B
™/ NuH 4, 4, N v
\ R— u
m%@m do» MeO 4,
PdBr BrPd (@) OMe
R AY Me
R—< H =R \
—N Nu
N N R
AR AR 4,
Ts NuH Ts NuH

Scheme 21.
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Br OMe
Pd(PPhy), (0.1 equiv.) —_—
NaH (1.5 equiv.) OMe
—_— (131)
Me MeOH, 50°C, 40 h pe
Me Me
OH 48% OH

Although propargylic bromides and bromoallenes can
have the same reactivity in the presence of a Pd
catalyst,™® the efficiency of the heterocyclisation is
much lower from a ?ropargylic bromide bearing an
oxygen functionality®® than from the corresponding
bromoallene (cf. Egs. 128 and 132).

Br, OMe

= Pd(PPh;), (0.1 equiv.)
Me—‘ MeONa (1.5 equiv.) Me
—_—
N OH MeOH, rt, 24 h J
Ts/ —\_/ TS/N

12%

o

(132)

3.3.3. 1,2-Dien-4-ols. In contrast to the Pd’-catalysed
reaction of 1,2-dien-4-ols with aryl or vinyl halides, which
leads to either, B-disubstituted-a,B-unsaturated carbonyl
compounds (see Eq. 46 in Part B*)"* or substituted vinylic
oxiranes (Eqs. 39 and 40),”""* the reaction with allylic
halides under Pd" catalysis affords 4-(2-alkenyl)-2,5-
dihydrofurans (Eq. 133).”2°02°! While the Pd® catalysis
involves the addition of the organopalladium halide to
the allenic moiety to give an n’-allylpalladium inter-
mediate, the Pd" catalysis involves the oxypalladation of
the allenic moiety, followed by a Heck-type reaction, and
regeneration of the Pd' catalyst through PB-halide
elimination (Scheme 22). A catalytic system has also
been obtained using 4-bromo-1,2-butadiene to trap the
vinylpalladium intermediate.?®'

7-CyHo PdCl, (0.05 equiv.)\ n-C4Ho
N ———— —
Me “(scquivy DMATI85h
HO 76% oo Me
(133)

Z: allyl or Ph
X: halogene

Scheme 23.

\ , E
2
R PdX, .
— R
o R! HO
HX
X
R? XPd R?
s o
/\/X
Scheme 22.

While the reaction of 1-allenylcyclobutanols with aryl-
and vinylpalladium species can lead to cleavage of the C—-
OH bond (see Part D of this series of reviews),”*> the
addition of allyl bromide or phenyl iodide to 3-hydroxy-
3-(1,2-alkadienyl)-2-azetidinones does not induce such a
cleavage, but leads to spiranic systems (Eqs. 134 and
135).%°% The formation of these compounds can be
explained as shown in Scheme 23, the ring strain of the
spirocyclic oxirane-B-lactam inducing the opening of the
B-lactam nucleus.?’

+ A N\-Br

(5 equiv.)

(134)

PdCl, (0.05 equiv.)
B
DMF, 1t, 2 h
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Me>< Me
e 97 Ny Pd(PPhy); (0.05 equiv.)
OH K PhI (1.1 equiv.)
= .
R K,COj3 (4 equiv.)
—_——
N\ DMF, 85°C, 45 h
(6) Ar
Ar =p-MeOC¢Hy
(135)
Me
9
(o) i
Ph S ‘\\\
Me N
d  ar

3.3.4. 1,2-Dien-5-ols. The oxypalladation of 3-substituted-
1,2-dien-5-ols in the presence of aryl iodides can afford 2,3-
dihydrofurans. According to Ma et al., this process requires
a substituent in the 3-position, and its efficiency depends
strongly on the nature of the base (Eq. 136) and solvent.”**

n-CqHyg Pd(PPh3), (0.05 equiv.) pp n-C4Hog
M,COj5 (4 equiv. —
#Me +py M 3 (4 equiv.)
2 equiv. DMF
HO (2 equiv.) 0 Me

M = Na (80°C, 17 h: trace), K (70°C, 10 h: 56%), Cs (70°C, 4 h: 67%)
(136)

At room temperature and in the absence of a base, but with a
Pd" catalyst and allyl bromide instead of a Pd” catalyst and
an aryl iodide, the same team has obtained 4-allyl-5,6-
dihydro-2H-pyrans (Eq. 137)*°' and, interestingly, no
racemisation was detected from an optically active substrate
(Eq. 138).2%°

Scheme 24.

R3 R?

R3 '> Rl + /\/Br
HO (5 equiv.)

R?

= (137)

PdCl, (0.05 equiv.) R3 .
—_— R

DMA, tt, 12-96 h R3 Y

R! =Me, R? = n-C,H,, R? = H: 63%
R!=H, R?=n-C4Ho, R3=H: 61%
R!=Me, R?=Ph, R? = H: 78%
R'=Me, R?=H, R?> = Me: 64%

n—C4H9 n-C4H9
By PACL (0.05 equiv.)

g DMA, 25°C, 7 h
HO (5 equiv.) > > 0

97% ee Et 64%, 97% ee Et
(138)

3.3.5. 1,2-Dien-6-o0ls. In Section 2.8.2, it has been
postulated, according to the authors,”'™* that the reaction
of allenols with aryl and alkenyl halides could involve the
addition of RPdX (R=Ar, alkenyl) to the allene to afford
an m’-allylpalladium intermediate. Instead of such a
mechanism (Scheme 24, path a), Walkup et al., who
obtained substituted 2-vinyltetrahydrofurans from 1,2-dien-
6-ols (Eq. 139), proposed oxypalladation of the allene as the
key step (Scheme 24, path b).?®® The formation of 2-(2-
tetrahydrofuranyl)acrylates when the reaction is carried
out without RX, but under a CO atmosphere in MeOH
(Eq. 140), is in agreement with this proposal.>¢”-2¢3

Pd(PPh3), (0.1 equiv.) R
o K,COj5 (5 equiv O
Me +RX _KoCOs3 G equiv) Me
(5 equiv.) DMF, 80°C, 6-19 h

RX = PhBr (14%), PhI (60%), PACH=CHBr (41%)
(139)
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HO PdCl, (0.1 eqL'uv.) MeO o)
CuCl, (3 equiv.)
=, —R ————— 0 R
CO (1 atm)
MeOH, 25°C, 8-10 h

R =H (51%), Me (72%, cis/trans = 50:50)
(140)

In the presence of both CO and an arylating reagent, and in
DMF instead of methanol, the domino reaction evolves
towards the formation of arylated adducts,266 with a
temperature-dependent CO insertion (Eq. 141).>%°

Pd(PPh3), (0.1 equiv.)
K,CO; (5 equiv.)
—_—
CO (balloon)
Br DMF

HO MeO

(5 equiv.)

Ar = p-MeOC¢Hy (141)

80°C:  52% trace
60°C: trace 52%

3.3.6. 1,2-Dien-7-ols. Gallagher et al. have obtained a dimer
from hepta-1,2-dien-7-ol under Pd" catalysis in methanol
(Eq. 142), and a tetrahydropyranylacrylate when the
reaction was carried out under CO.?’® This cyclisation/
methoxycarbonylation procedure has subsequently been
used as the key step of the synthesis of rhopaloic acid A
(Eq. 143).2"!

PdCl, (0.1 equiv.)
CuCl, (3 equiv.)

HO .
——————————-
\ : MeOH, 65°C, 30 min

30%
(142)

PdXL2

Scheme 25.

PdX,L, R!

Qf?

PdCl, (0.1 equiv.) O
HO .
CuCl, (3.2 equiv.) MeO O
=\ > R - R
CO (1 atm), MeOH, 25°C, 2 h

R = (CH,),CH=CMeCH,geranyl 83%, cis/trans = 1:6
(143)
Optically active rose oxides have been synthesised from

(3R)- and (35)-3,7- d1methy1 6,7-octadien-1-ol using chiral
Pd catalysts (Eq. 144).%7

Me Me Me
Pd(OAc), (0.01 equiv.) B :
(RYBINAP (002 cquiv.) O
Me OH no solvent
rt, 16k 37/63
Me 42% Me Me Me Me

(144)

3.3.7. 1,2,3-Trien-5-ols. Aurrecoechea et al. have obtained
tri- or tetrasubstituted furans, via the Pd"- or Pd’-catalysed
cyclisation of butatrienyl carbinols, in the absence
(Scheme 25) or presence (Eq. 145 and Scheme 26)274’275
of an arylating agent, respectively.

Pd(PPh 0.05 equiv.
Me (CH,),Ph (PPhs)y4 ( quiv.)

NEt; (5 equiv.
1 ppp PG equiv)
Me Me (1 equiv.)  THF, reflux
OH
(145)
Me Ph
I N\ e
Me
39% Me

3.4. Oxypalladation of alkynes

3.4.1. 1,3-Diynes. Yamamoto’s team, who disclosed the
PdO/PhCOZH -catalysed hydroalkoxylation of internal
alkynes leading to allylic ethers (Section 2.10), has also

R3
R4
X

1.X

LJ

R4



5982 J. Muzart / Tetrahedron 61 (2005) 5955-6008

Scheme 26.

Scheme 27.

carried out the hydroalkoxylation of con_]ugated diynes
using Pd(PPh3),/OPPh; as catalyst 7 This different
procedure led to the alkoxylated enyne (Eq. 146) and did
not work from mono-alkynes. The requ1rement for an
effective reaction, of both an electron-rich Pd® catalyst and
an acidic alcohol led the authors to propose the two
plausible mechanisms shown in Scheme 27.

Pd(PPhs), (0.05 equiv.) OCHLCE
2-L3

Bu—== Bu OPPh; (0.1 equiv.)
B PhMe, 25°C,2-3d \
CF;CH,OH (2 equiv.) s > £ 1% Bu
(146)

3.4.2. 2-Yn-1-ols. Exomethylene benzo- and naphthodi-
oxans have been prepared via the intramolecular addition of
a phenoxy group to the triple bond of a propargylic alcohol
activated by coordination to a Pd" catalyst (Eq. 147).”’

~

ArPdX

Pd
R—=== N
R
PJOCH,CF;
CF;CH,OH
S
H

3 Pd %CHZCF3

s,
(0] / OH CuI.(O.2 Céqui-\/.)
OH

DMF, rt,4 h
CE + C(
R

=H: 71% 7.5%
R = Me: 80% 0%

(147)

3.4.3. 3-Yn-1-ols. At room temperature in anhydrous
diethyl ether, 3-decyn-1-ol cyclised in a 5-endo-dig manner
to afford mainly the corresponding dihydrofuran while, in
refluxing aqueous acetonitrile, the hydrolysed product of
this vinylic ether was exclusively isolated (Eq 148).%”® The
process has been used to synthesise a polyfunctionalised
dihydrofuran, which is an 1ntermed1ate of the synthesis of
furaquinocin D (Eq. 149).>”° We presume that the formation
of the dihydrofurans occurs via the protolysis of vinylpalla-
dium intermediates by in situ-produced hydrochloric acid
(Scheme 28), and that the synthesis of 1,6-dioxaspiro-
[4.4]non-3- -en- 2-one from 7-hydroxyhept-4-ynoic acid
(Eq. 150)*%° also involves a dihydrofuran as an
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intermediate.

R Pd" (0.01-0.05 equivl@ /‘C\\
R=n-CgHys OH R o R o OH
PdCl,(PhCN),, Et,0, 1t, 5-10 h: 60% 30%
PdCl,, aq. MeCN, reflux, 30 min: >95%

(148)
HO \\\Me
\
OMNor
M Me  p4Cl,(PhCN),
¢ (0.056 equiv.)
—_—
CO,Me MeCN, 60°C, 12 h
MeO
R=Si-BuMe
OM 2
¢ (149)
Me
OMe O ‘\\\\OR
Me Y Me
CO,Me
MeO
OMe 91%
PdCLL, =—\_
(/ 5 OH
o L
HCl
L,CIPd PdCl,L
:0: “—OH
Scheme 28.
o PdCIz(PhCN)z o
(0.007 equiv.) O
>~—/ \—OH — >
THEF, reflux, 2 h O
HO
(150)

Furans have been obtained from 3-alkyn-1,2-diols (Egs. 151
and 152),%1282 2_methoxy-3-alkyn-1-diols (Eq. 152)*%?
and 2-(1,1,1-trifluoroethylene)-3-alkyn-1-diols gEq.
153).283 All these substrates require catalysis by Pd'" to
cyclise284 and, in addition, water or diluted HCl when

2-methoxy-3-alkyn-1-diols are used as the starting
materials (Eq. 152).

Rl—— PACL(PPhs), (0.002 equiv.) /@\
OH DMF,150°C,2h R'7 Ny~ "R’

R

2
R!'=Me, R?=Ph (90%); R! = Et, R?= Ph (55%)
R!=Et, R?= C=CEt (90%)

(151)

,  PdCl(PhCN), Me
1 Me, OR” ().01-0.05 equiv.) 7
R —— ——
THEF, rt
R'=n-CeH,3 OH RN, (152)
R*=H, 10 h: 85%
R?=Me, H,0 as additive, 5 h: 80%

CF;

R2 F3C
= PdCl,(MeCN),
(0.05 equiv.) / \
—_— Rl R2
THF, 5-10°C, 4 h (153)

R'” oH o
R!=R?="Ph: 74%
R!=n-C3H, R? = n-CgH5: 71%
R!=H, R?=n-C¢H,3: 72%

Utimoto et al. proposed the mechanism shown in
Scheme 29, path a for the reaction depicted in Eq. 152,
and they trapped the intermediary 3-furylpalladium with
allylic chlorides, thus synthesising 3-allylfurans (Scheme
29, path b).*** Utimoto et al. did not provide an
explanation for the elimination of ROH (Scheme 29,
path a), and we suggest the formation of an oxonium
intermediate (Scheme 29, path c).

When the triple bond of the secondary or tertiary
homopropargylic alcohol is substituted by a trimethylsilyl
group, the reaction in an aqueous medium leads to a
y-butyrolactone instead of stopping at the level of the
dihydrofuran (Eq. 154).2%°?%¢ With these substrates, the
5-endo-dig ring closure is followed by a trans-hydroxy-
palladation, i.e. a Wacker-type reaction, and a B-SiMe;
elimination (Scheme 30), as demonstrated by Gor¢ et al. in
carryin§ out the reaction in the presence of deuterated
water.””’ The use of this method for the synthesis of a
multifunctionalised substrate bearing a distant 7-butyldi-
methylsilyl ether group has led to the expected lactone, but
with cleavage of this silyl ether (Eq. 155).%*’

/ OR
/ \ A\ PdCLL, =_<_
OH
0 o
al (%) (a)
d HOU pomd, or - Lcipd
L,CIPd

Scheme 29.

(@) (¢}
ROH

~% T

ol
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OH
PdX, /—\Q ;Si]\/lq
OH
0.50, S
SiMes

PdX
O_-on OH HX
Cr

) O
/ SiMes PdX,
“ H,0
PdX 2
Scheme 30.
SiMes pd(OAc), (0.05 equiv.) 0 PhCH,0  OH SiMes
oH / CuCl, (0.25 equiv.) 0 -BuMe,SiO Pd(OAc), (0.1 equiv.)
MeCN/I N aq. HCI (9:1) 2 P CuCl (0.25 equiv,)
air, 1t, 20 h 72% PhCH,0 N wet DMF
(154) OA pp air, rt, 48 h

155
Trost et al. have synthesised furans from the coupling of (155

propargylic alcohols with alkynes (Eq. 156), a key step
being the oxypalladation of the triple bond of an in situ-
produced homopropargylic alcohol (Scheme 31, path a). In
modifying the experimental conditions with the addition of
tri-n-butyltin acetate to serve as a transesterification
catalyst, the y-hydroxy a,B-unsaturated ester intermediate
led to a butenolide instead of a furan (Scheme 31, path b).288

0 Rv_@/\
0
AcOPd (a, b)

R'A%j/\COZR R'—==—PdOAc
0

R—===

CO,R
Pd(OAc),

J—=——COR
AcOH HO
==—PdOAc
Pd(OAc), AcOH |

HO
R' PdOAc
Z COR YCOZR
HO

R'

Scheme 31.



J. Muzart / Tetrahedron 61 (2005) 5955-6008 5985

HO
=——CO,Et
| — +
(1 equiv.) \ Me
Me
(156)
Pd(OAc), (0.05 equiv.) CO,Et

(2,6-Me,CgH;);P

(0.02 equiv.) / \ Me
—_—
DBU (0.7-1.5 equiv.) o) —
Ph

H, rt 67% Me
The Sonogashira reaction of aryl bromides with pent-1-yn-

5-ol and hex-1-yn-6-0l can, in some cases, evolve towards
the cyclisation products (Eq. 157).%%

[(n-ally)PdCI], (0.001 equiv.)Th2P
Cul (0.05 equiv.) Ph,P

Br = K,CO; (2 equiv.)
N §>)n _
NC HG DMF, 100 °C, 20 h

(2 equiv.) 1
NC NC,
NC =
+ \e—,
(Pn

HO

n=2: 23%

n=3 90%

R—=
R =n-CgHy3 R

PdCly(PhCN),, Et,0, 1t, 5-10 h: ~ 60% 45%
PdCl,, aq. MeCN, reflux, 30 min:

3.4.4. 4-Yn-1-ols. At room temperature in anhydrous
diethyl ether, 4-undecyn-1-ol cyclised predominantly in a
6-endo-dig manner to afford a mixture of the corresponding

H,0
Pdl,
HI+0.50,
HPdI
[ o
O
MeOH

dihydropyran and its hydrolysed product, while the 5-exo-
dig cyclisation, followed by hydrolysis, was preferred in
refluxing aqueous acetonitrile (Eq. 158).778

Gabriele at al. have carried out the 5-exo-dig cyclisation—
alkoxylation and the 5-exo-dig cyclisation—alkoxycarbonyl-
ation of 4-yn-l-ols in the presence of Pdl, and KI
(Egs. 159-161).2°>*°! According to these authors,””° the
acetals woud be obtained from the acid-mediated
addition of methanol to enol ethers (Scheme 32).
This is in agreement with Kato et al., who have improved
the cyclisation—alkoxycarbonylation procedure using
milder experimental conditions and p-benzoquinone to
regenerate the catalyst (Eq. 162),%°% the re-oxidation step
effectively trapping the protons liberated in the course of

PPh,

PPh,
(0.002 equiv.)

(157)

Pd" (0.01-0.05 equiv.) 0
(CHy);0H —> I + +
0~ R Yo OH R OH

traces
>95%

the domino reaction and, consequently, preventing the
acetalisation process. Subsequently, the Japonese team
has disclosed the Pd"/chiral bisoxazolines-catalysed

\\3 \
{O:\/mz

HI o] J H Pdl,
O O N
o ,d\A 0 0

\gHI
HI MeOH

\
Meon HI CO,Me
CO,Me :LL
N RS e O
o1~ O OMe O OMe 0 -

Scheme 32.
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asymmetric cyclisation—alkoxycarbonylation of cyclic-2-
meth;/l -2-propargyl-1,3-diols with ee up to 65% (Eq.

163).
MeOH (1 equiv.) O<Me (159)

16 h
PdI, (0.01 equiv.)

KI (0.02 equiv.)
O oo
O

ol \ 25°C

PdI, (0.0003 equiv.)
Me KI (0.033 equiv.)

M\ \\ CO/air (9:1, 100 atm)l

MeOH, 100°C, 14 h

COzMe
74_>\/CO2Me MG7O</ 70<

41% 37% 13%
(161)
ACQ CHyPh pyCly(MeCN), (0.05 equiv.) AQ  CHoPh
p-benzoquinone (1.1 equiv.) COM
\\ CO (balloon) = e
OH MeOH, 0°C, 5 h 88% O
(162)
OH ., Pd(OCOCF3), (0.05 equiv.)
¢ L* (0.1 equiv.)
"“\\ p-benzoquinone (1.1 equiv.)
\\ CO (balloon) o
OH MeOH, - 30°C, 20 h
(163)
OH Me L* Me

COzMe S/

A procedure similar to that of Goré (Eq. 154 and Scheme
30),299283-286 applied to silyl-substituted bis(homo)pro-
pargylic alcohols, led mainly to dihydrofurans (Eq. 164),
the nucleophilic attack of the hydroxy taking place in the
B-position relative to the silicon atom.?**

"U\"k/

98%, 65% ee

Me OH Pd(OAc), (0.05-0.1 equiv.)

SiMe;
/ CuCl, (0 or 0.25 equiv.)
MeCN, HCI (1drop/mmol)
SPh air, 1t, 2-10 h
Me OH
Me 0 Me O Me
SPh SPh SPh
without CuCly: 56% 18%
with CuCl,: 68% 10% 20%
(164)

Stereodefined 2-alkylidenetetrahydrofurans have been
synthesised from phenyl iodide and the alcoholates of

4-alkyn-1-diols (Eq. 165), through the trans- phenoxg@)al-
ladation of the triple bond, as shown in Scheme 33.2%°:2%
The assertion of a trans-oxypalladation, rather than either a
cis-oxypalladation or a Heck-type reaction followed by
alcoholysis of the resultant vinylpalladium species, has been
assumed by the formation of the E-isomer from 2-(2-
heptynyl)phenol and phenyl iodide (Eq. 166).%%°

1) n-BuLi (1.1 equiv.)
THF, 0°C

h
\ 2) Pd(OAc), (0.1 equiv.) O\/ P (165)

PPh; (0.1 equiv.) 539
o

PhI (1.1 equiv.), rt, 4 h
\< Phl

pd’
D~
o)
O\/ PdPh PhPdI
0

e

Scheme 33.

1) n-BuLi (1.1 equiv.)

THF, 0°C
x
2) Pd(OAc), (0.1 equlv)
OH PPhj; (0.1 equiv.)

R = n-C4Ho Phl (1.1 equiv.), t 45%
(166)

3.4.5. 5-Yn-1-ols. At room temperature in anhydrous
diethyl ether, 5-undecyn-1-ol cyclised in a 6-exo-dig
manner to afford, after migration of the C=C bond, the
corresponding dihydropyran and its hydrolysed product
(Eq. 167). This latter compound is selectlvelg obtained in
refluxing aqueous acetonitrile (Eq. 167), and this
procedure has been used to produce a key intermediate of
the synthesis of (R)-muscone.>®’

Pd" (0.01-0.05 equiv.)
;(CHZMOH _>
R =n-CsHy,

R—==
PdCl,(PhCN),, Et,O, rt, 5-10 h: ~ 50% 45%
PdCl,, MeCN, reflux, 30 min: >95%
(167)

Marshall et al. have obtained substituted ketopyranose
subunits of polyketide natural products via the intra-
molecular alkoxycarbonylation of 5-alkyn-1-ols (Eqgs. 168
and 169). On decreasing both the quantity of the catalyst
and the reaction time, the reaction stops at the level of the
unsaturated ester (Scheme 34), while the use of CuCl,
instead of p-benzoquinone as re-oxidant of the palladium
species led to decomposition products 2% With p-benzo-
quinone, the protons produced 1n the addition steps are
consumed in the course of the Pd" regeneration, ensuring a
weakly acidic reaction environment, while HC1 is produced
with CuCl,.
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OMe
(168)
OMe R=H
PdCl,(MeCN), (0.05 equiv.)
p-benzoquinone (1.2 equiv.)
RO . CO (balloon) =t+-BuCO OMe
~\ \
W ToH \ MeOH, rt, 3- 12 h
(169)
IBuCOO\\\\\ 0,///C02MC
OMe 50%
OCH,0OMe
PdCl,(MeCN),
0.01 equiv.
OCH,OMe (0.01 equiv.) COMe  MeOH.

CO (balloon) \
OH \\ MeOH. it pycr, (MeCN))

(0.05 equiv.)

3h

Scheme 34.

3.4.6. 3-Yn-1,7(or 8)-diols and 4-yn-1,8-diols. Utimoto has
synthesised spiroacetals from acetylenes containing two
hydroxyl groups at appropriate positions (Egs. 170 and
171). Interestingly, a chlral centre was not touched during
this process (Eq. 170).>’

= PdC12 (0.01 equiv. )
1
R 92 aq. MeCN
OH HO reflux, 1 h

n=1,R'= RLH 95%; n=1,R'=H, RZ=Et: 95%
n=2,R'= Me,R2*H485%

(170)

= PdClz (0.01 equiv.)
| I aq. MeCN (171)
ong HO reflux, 1 h

3.4.7. 2-En-4-yn-1-ols. Gabriele et al. used 0.002-
0.01 equiv of K,Pdl, at 25-100 °C to synthesise furans via
the cycloisomerisation of (Z)-2-en-4-yn-1-ols (Eq. 172), and
they suggested the anti-exo-dig intramolecular attack of the
hydroxyl on the triple bond coordinated to Pd", leading to
an oxonium intermediate (Scheme 35).%°1%%% 300 A similar

l F—
- — Pdl

- _Pd_
A\ o’y

Scheme 35.

1.5h o
. . 35%
p-benzoquinone (1.2 equiv.)

OCH,0Me

80%

Pd! reaction
conditions,
(no reaction with
pyridinium
p-toluenesulfonate)

mechanism would explain the formation of furan-2-acetic
esters when the reaction was carried out under a CO/air
pressure in MeOH (Eq. 173).%0!-302

Me Pdl, (0.01 equiv.)
KI (0.02 equlv ) ﬂ\/
%_\ .

=H, R? =Bu, 100°C, 20 h: 81%
= Ph, R? = Bu, 40°C, 18 h: 49%
R'=H, RLCH CHMe,, 100°C, 24 h: 77%

Me PdI, (0.001 equiv.) Me
— KI (0.05 equiv.)

\ CO (90 atm), air (10 atm) / \
OH MeOH, 70°C, 15 h O 73%
0

co,Me  (173)

The PdI,/KI procedure was used by the Italian team for the
cycloisomerisation of 2-alkynylbenzyl alcohols and, inter-
estingly, the same substrate can selectively lead, in several
cases, to either the 1,3-dihydroisobenzofuran (5-exo-dig
cyclisation mode) or the 1H-isochromene (6-endo-dig
cyclisation mode) derivative on changing the polarity of
the solvent (Eq. 174).°® The ratio between the two

/

C<
- Pdl, 0 \ @\Me
O\/ el O\/

- Pd12
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OH ’ o
(Qn CH,R @7
- N CH,R n=1

- HPdOMe

OCO,Me MeOPd

- €O, lPdO

%{ —>
CH,R

MeOPd

Scheme 36.

cyclisation modes also depends on the substitution pattern
of the substrate.’* Costa, Gabriele et al. succeeded in
trapping the vinylpalladium intermediates by carbonylation
(Egs. 175 and 176), and the formation of the isomeric
1-(methoxycarbonyl)methylene-1,3-dihydroisobenzofurans
(Eq. 176) has been attributed to the alcohol addltlon/
elimination involving the exocyclic double bond.*

Pdlz (0.01 equiv.) N Bu
KI (0.02 equlv )
OH ~80°C,152h Y
Et Et

dioxane: 15% 73%
MeOH: 77% 0%
(174)
MeO,C
Bu Pdl, (0.01 equiv.) g CO,Me
KI(0.1 equw ) Bu
CO (1.6 Mpa)
air (0.4 Mpa)
MecOH, 80°C, 8 h 24% 36%
(175)
Pdl, (0.03 equiv.) eOzC
KI (0.3 equiv.)
CO (2.4 Mpa)
—_
OH air (0.8 Mpa)
MeCN/MeOH (25:1)
70°C, 24 h )
18% (176)
/ COo,Me  CO,Me
28% 9%

In contrast to the above cyclisations performed with
a Pd" catalyst, Dixneuf et al. used a Pd° catalyst to
synthesise 2-benzyl-3-methyl-4-ethylfuran from the
corresponding 2-en-4-yn-1-ol (Eq. 177).%

Me, Me
=—=——Ph Pd :
/ (PPh;3)4 (0.01 equiv.)
—_— \ e
OH THF, 110°C, 15h Et
Et 60%

177)

3.4.8. Hydroxylated propargylic carbonates. Unsaturated
heterocycles have been obtained from propargylic

MeOPd CH,R

Q
CH,R

isomerisation

QQ
CH,R —CHR

carbonates bearing an hydroxyalkyl chain (Eqs. 178 and
179), via the intramolecular nucleophilic addition of the
hydroxy group to the central atom of an allenylpalladium
intermediate (Scheme 36).%%¢

CsHyp
Pd(OAc),/dppp (cat.)
- DBU
—_—
C]()Hz[ OCOzMe )
dioxane, i-PrOH, 90°C
(178)
C10H21/Q\C9H19
80%
Pd(OAc),/dppp (cat.)
DBU
—_—
OCOZM dioxane, i-PrOH, 90°C
(179)

Me

CsH
I st CeHys
32% 47%

4. Addition of organopalladium intermediates to double
bonds of alkenols

The Pd-catalysed addition of phenylmercuric chloride or,
especially, arylstannanes to 3-, 4- and S-alkenols affords
mainly the corresponding arylated cyclo ethers (Eq. 180),%"’
presumably via the pathways summarised in Scheme 37.

ArSn(n-Bu)s

2 CuCl PdCl, -\‘I ClSn(n- Bu)3
2 CuCl, OH
ArPdCl1
At ppd’ PdCl
O Ar

Ar
OH

pd
O H, ~Cl
PdCl Pd
& Cor_
HCI
OH V OH

Scheme 37.
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PdCIy(PhCN), (0.05 equiv.)

Ar
X CuCl, (3 equiv.)
+ ArSn(n-Bu); > o
HOH (13-1.5 equiv.)  Et,0,0°C, 7 h a

Ar=p-MeOCeHy 1) — 0 (420%), 1 (86%), 2 (73%)
(180)

Fuchikami et al. have obtained polyfluoroalkylmethyl-
substituted oxiranes from the reaction of polyfluoroalkyl
halides with allylic alcohols (Eq. 181), and proposed the
reaction steps shown in Scheme 38.>°® The formation of the
oxopalladacycle intermediate from A, rather than the double
bond via the B-H elimination, would be due to interactions
between the palladium centre and fluorine atoms.

R'  PACL(PPhy), (0.014-0.028 equiv.) g R2
2 KyCO; (12 equiv.)
il + e KOOIy, iy e
R3  EtOH,80°C,3-6h 0
OH

(112 €QUiv-) g1 - g2 = R3= = 1: 70%; R = R = H, R = Me: 69%

R!'=H, R?=R3=Me: 79%; R' = Me, R? = H, R? = Et: 56%

(181)
0
o Pd RpX
RF\/<I
Pd‘o RpPdX
Ree A/
F —~_CH
Z
PdX
HX  Rg OH
A
Scheme 38.
HO,
, \ "pd" \_\ H+
ArX + HO O —>A o—>
rY
Scheme 39.

Rz\/\/\|/R1
+ +-BuON
uONa L

NaBr + ~-BuOH

®)

Scheme 40.

ArPdBr

Hallberg et al. have disclosed the synthesis of cyclic ketals
of acetophenones from hydroxyalkyl vinyl ethers and aryl
halides or triflates (Eq. 182), and a set of experiments has
supported a domino reaction involving a Heck arylation,
followed by an acid-catalysed, rather than a Pd"-promoted
cyclisation (Scheme 39; HNEti X can provide H™T). With
aryl halides, the addition of stoichiometric amounts of
TIOAc was required for a regioselective arylation.*

Pd(OAc), (0.03 equiv.)

dppp (0.06 equiv.)
ArOTf + HO 0 _ 0 (0] (182)

Ar = p-MeOCgH, | NEt; (1.5 equiv.) ><

o I Me
(equivy DMF.80°C.160 A5,

While Larock et al. have obtained the Heck adduct from the
reaction of 4-penten-1-ol with phenyl iodide (see Eq. 43 in
Part B?),*'° Wolfe et al. have achieved the synthesis of
tetrahydrofurans from vinyl or aryl bromides and primary,
secondary or tertiary 5-hydroxy-alkenes (Eqs. 183 and
184).*"! Surprisingly, the use of aryl iodides and electron-
deficient bromides afforded low yields of the expected
products. From their analysis of the regio- and stereo-
selectivity of the arylation (Eq. 184), the authors
assumed that the reaction proceeds through an Ar-Pd-
alkoxy intermediate, followed by the insertion of the
double bond into either the Pd—O (Scheme 40, path a) or
Ar-Pd (Scheme 40, path b) bond.?'" Thus, the reaction
mechanism is neither the usual trans-oxypalladation, nor
the Heck-type reaction which involves the insertion of the
olefin into the Ar-Pd bond of the Ar-Pd-halogen species.

R2 = R!
+ -BuONa

NaBr + -BuOH

ArBr
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OH
MM Pd,(dba); (0.01 equiv.)
3 e .
. Me L (0.02 equiv.)
Br t-BuONa (2 equiv.)
Ph/hq/u )  THR.65C.2h

(183)

R

81%

Ar = p-MeOC¢Hy

H
Me Pdy(dba); (0.025 equiv.) Arz, f H
O Me
ABr + OH P(o- tolyl)3 (0.1 equiv.)
(2 equiv.) +-BuONa (2 equiv.) Me
PhMe, 110°C, 48 h H
69%, dr > 20:1

(184)

5. Reaction of organopalladium intermediates with
alcohols

5.1. Intermolecular reactions

In contrast to the Pd(PPh;)s-catalysed reductions of aryl
halides with either sodium methoxide or a mixture of
methanol and sodium hydroxide (see Part D of this series of
reviews)*'? and to the Pd-catalysed oxidations of alcohols
using aryl halides in a basic medium,'?'" the use of
Pd,(dba); or Pd(OAc), with biphenyl ligands as the
catalytic system, in a basic toluene solution, allows the
intermolecular C—O bond formation, as discovered by
Buchwald et al. (Eqs. 185 and 186).>'*'® Hartwig et al.
have simultaneously reported that the association of
Pd,(dba); or Pd(PPhs), with (phosphino)ferrocenyl ligands
catalyses the formation of ethers from the reaction of aryl
halides with NaOR (R=7Bu, SiMe,#-Bu or Ar).>!73!8
Aryl-alkoxypalladium complexes have been isolated®'®32°
but, whether the formation of alkoxypalladium intermedi-
ates involves oxygen coordination of the alcohol and then
deprotonation, or deprotonatlon and then coordination,
remains an open question,*' even if enhancmg the acidity
of the alcohol by complexation to Pd" seems to be
required for deprotonation with some bases.*

ROH (1.2 equiv.)
Pd,(dba); (0.015 equiv.)

tol-BINAP (0.036 equiv.)
NC Br ————— = NC OR
NaH (2 equiv.)
PhMe, 50-70°C

R = Me (70°C: 81%), i-Pr (50°C: 80%), CH,Ph (70°C: 71%)
(185)

ROH (2 equiv.)
Pd(OAc), (0.02 equiv.)
L (0.025 equiv.)
—_—

Cl
Cs,CO;5 (1.5 equiv.)
Me PhMe, rt
Me L:
OR P#-Bu,

R = n-Bu (39 h: 90%), +-Bu (38.5 h: 88%)
Et (29 h: 93%), PhCH, (44.5 h: 95%)

Bidentate ligands, such as DPEphos or Xantphos, work
better than the Buchwald’s monophosphine ligands for
the Pd(OAc),- and Pd,(dba);-catalysed etherifications of
bromoporphyrins (Eci 187) and their zinc complexes by
a variety of alcohols.

Jing et al. have obtained a number of benzodioxanes from
the reaction of 1,2-dihalogenoaryls with 1,2-diols (Eq. 188),
including the synthesis of a highly functionalised inter-
mediate (Eq. 189) leading to isoamericanol A and
isoamericanin A.>**

Russian workers have reported yields of <98% for the
alcoholysis of 1-chloroadamantane with alcohols usm%
Pd(PPhs), or PdCl,(PPhs), as catalysts at 120-160 °C;**
this reaction probably involves adamantylpalladium chlor-
ide as an intermediate and some di-1-diadamanthyl ether
has sometimes been observed.

The etherification of sp” (Eq. 190) and sp> (Eq. 191) C-H
bonds of aromatic hetero compounds by various alcohols
has been disclosed, by Sanford et al., using PhI(OAc), to
regenerate the active catalyst. Slnce no product was formed
using typical oxidants of Pd° such as Cu(OAc), and
benzoquinone, the authors suggested a catalytic cycle
involving Pd" and Pd" intermediates.”

5.2. Intramolecular reactions

Trost et al. have briefly reported the synthesis of a
substituted tetrahydrofuran from the intramolecular alco-
holysis of an in situ-formed alkylpalladium iodide
(Scheme 41).3%’

Buchwald’s and Hartwig’s teams have disclosed the
synthesis of oxygen heterocycles via the intramolecular
C-0O bond-forming reaction of aryl halides substituted in the
o-position by an alkyl chain bearing a primary or secondary
hydroxy group (Eq. 192), the reported experimental
conditions restricting the oxidation—dehalogenation pro-
cesses.’ 83287330 Interestingly, the formation of chiral
benzodioxanes (Eq. 193), benzoxazines (Eq. 194) and
indolodioxanes (Eq. 195) was attained from OEt1cally active
substrates, with only slight racemisation.’
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£3

sz(dba)3 (0.05 equiv.)

L (0.1 equiv.)
ROH (2 4 equiv. )

CS2C03 (4 equiv.)
PhMe, 100°C

£3

R = Et (DPEphos, 47 h: 50%), MeCH(CH,),Me (Xantphos, 39 h: 30%),
n-Bu (Xantphos, 39 h: 66%), CF;CH, (DPEphos, 48 h: 33%)

DPEphos: I Pf Phy Xantphos: ‘ P‘ Phy
Me”™ "Me
PdCl, (0.02 equiv.)
PPh3 (0.025 equiv.)

Fod

=R%Z=H (65%)

X HO
/@ " j\
R! X HO” "R?

X=CLR!

Cs,COj3 (1.5 equiv.)
PhMe, 50°C, 24 h
=R?=H (63%); X =Br, R!

5991

(187)
Z Pd(OAc), (0.02 equiv.) (&
~ PhI(OAc), (1.1 equi/.) & (191)
N MeOH, 100°C, 18 h

0,
Me 7% OMe

X =Br, R! =H, R? = Me (60%); X = Br, R! = CN, R? = H (60%) -
X =Br, R! = CO,Me, R? = H (61%) Under Buchwald’s conditions, oxygen heterocycles were
(188) usually obtained at lower temperatures and with lower
Br PdCl, (cat.)
PPh; (cat.)
HO OAc Cs,COs (1.5 equiv.)
\ Br
PhMe, 50°C, 24 h
(1 equiv.)
O CHO (189)
HO OA
\ o ¢
63% OAc
Pd(OAc), (0.012 equiv.) quantities of catalyst from primary than secondary alco-
/ \ PhI(OAc), (2 equiv.) / \ hols.**®**? Nevertheless, the intramolecular heterocyclisa-
S tion was also effective from tertiary alcohols®'7>321-339
MeOH, 100 °C, 22 h . .
. =N and, according to Hartwig et al., even at room temperature
5% MeO (Eq. 196).3®
(190)
Pd,(dba);.CHCI, Ph
(0.02 equiv.) Me Ph
/ P(o-tol)s Me Pdl
Me (0.04 equiv.) Me oH Me o
—_— —
Me PhI // / /
HO OMe
MeO MeO

Scheme 41.
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RPd(OAc), (0.02-0.03 equiv.)
n L (0.025-0.035 equiv.)
—
X OH Cs,CO; (1.5 equiv.)

PhMe, 50-80°C

L:
0
mR Pt-Bu,
-

n=1-3; X =Cl, Br; R=H, Me: 65-85%

OH
Pd(OAc), (0.03 equiv.)

n-Bu L (0.035 equiv.)
_——
Cs,CO;3 (1.5 equiv.)

Br o
06% ce PhMe, 70°C, 20 h

@ j P#-Bu,
’//n Bu NMe,

80%, 95% ee

(193)

Pd(OAc), (0.03 equiv.)

l\l/le OH
N\/k ’
n-Bu L (0.035 equiv.)
—_—
t-BuONa (1.3 equiv.)
Br

PhMe, 50°C, 20 h
99% ee

OO

@i j P#-Bu,
//n Bu
94%, 98% ece

Pd(OAc), (0.05 equiv.)
“IOH L (0.06 equiv.)
—_—
Cs,CO;5 (1.5 equiv.)
| O\ PhMe, 70°C, 40 h
N
H

=

)

CO,Me

O (195)
L:

P[-Bllz
NMe,

.uw

| \ cone
N
H

76%
R = CH,0SiMe,#-Bu

Pd(dba), (0.1 equiv.)
L (0.1 equiv.)

Me .
n t-BuONa (1.2 equiv.)
Me —m8 ———»

OH PhMe, rt
Br
P(t Bu), (196)
Qg "b
n=1 (15 h: 77%), 2 (10 min: 93%)

The Buchwald—Hartwig heterocyclisation was used for the
synthesis of homochiral natural dihydropyranocoumarin
intermediates using hydroxy triflates as substrates instead of
hydroxy halides (Eqs. 197 and 198).%

Pd(OAc), (0.1 equiv.)

OH
Me N dppf (0.2 equiv.)
= —_—
Me OH o Ot-BuONa (1.5 equiv.)
TfO PhMe, 90°C, 1 h (197
Me OH N
M ﬂllu
€
0 0" o
80%
OH Pd(OAc), (0.1 equiv.)

.

Mewms).tol-BINAp (0.12 equiv)
——
Me¢’ > )
E;Si0 0, KaCOs (15 equiv.)

TO PhMe, 90°C, 16 h
E4Si0, N
Me™ [~ 0~ Yo
Me 91%

(198)

6. Reaction of alcohols with aldehydes or ketones

Unsymmetical ethers have been obtained from the reaction
at 25-160 °C of alcohols with aldehydes (Eq 199) or
ketones in the presence of heterogeneous Pd° catalysts and
hydrogen (Eq. 200),>** %7 with an efficiency depending on
the pH*>** and on the nature of the palladium support.
According to Lemaire et 211,334’3‘5 the hemiketal or
hemiacetal initially formed®*° would produce the ether by
either hydrogenolysis or dehydration, the dehydration
affording the corresponding enol ether, its double bond
subsequently being hydrogenated.

10% Pd/C (0.025 equiv.)
n—C7H15CHO + n—C4H90H _—

n-C8H17On-C4H9
(solvent) Hy (40 bar), 50°C, 7 h

95%
(199)

Me 5% Pd/C (0.0005 equiv.) Me
O + n-CgH;;OH On-CgH,;

[-PYCHQ 97%,

stream of H,

i-PrCH, 105°C, 8 h

(2 equiv.)
(200)
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Couturier et al. obtained furans from Z-2-butene-1,4-diols
(Eq. 201).>*! Since this method led also to 1,4-diones, we
suspect a reaction involving the oxidation of one hydroxyl
to the corresponding carbonyl group, followed by the
formation of the hemiketal (maybe through the intramolec-
ular attack of an alkoxypalladium) and then dehydration.

Pd(OAc), (0.01 equiv.)

— Cu(OAc), (0.01 equiv.)
Et—<_\—OH 08RO e\ 201)
stream of O,  Et 0
OH 100°C, 9 h 70%

Yadav et al. isolated spiroacetals from a domino reaction
of hydroxyenones involving (i) intramolecular addition of
the hydroxy group to the carbonyl to afford a hemiketal,
(i) oxypalladation of the double bond by the hemiketal,
(iii) insertion of carbon monoxide into the C-Pd bond, and
(iv) methoxylation of the acylpalladium (Eq. 202).3*?

(6] PdCl, (cat.) N
(h CuCl, CH(OMe); 0
—_— OMe
CO (1.1 atm) 0
OH  ™Jm MeOH 5

n=1,2;m=1,2 70-84%
(202)

Yamamoto et al. synthesised cyclic alkenyl ethers via the
Pd(OAc),-catalysed reaction between carbon-tethered
acetylenic aldehydes and MeOH, EtOH or i-PrOH
(Eq. 203).>* The large increase in the chemical yield in
the presence of 1equiv of benzoquinone, which was,
however, recovered in 83% yield, has suggested that this
quinone acts as a ligand rather than as an oxidizing agent.®
Switching from Pd(OAc), to PdCl, led to a low conversion
and to traces of the cyclic ether, while the use of Pd°
catalysts was totally ineffective. This heteroannelation
procedure has provided a six-membered product leading
to the synthesis of a potent antitumour agent (Eq. 204).%**
As a possible mechanism, Yamamoto et al. assumed that
Pd(OAc), acts simultaneously as a Lewis acid catalyst and

OMe OMe
0 4 0
/
R
\ R
OMe OMe
o 4 0

(@)

AcOH (AcO),Pd

Scheme 42.

Pd(OAC), /N
H
H 0
=
o R
\Pd(OAc)2 (AcO),Pd

<

AcOH

x
P

(b)

as a transition metal catalyst towards the substrate to
promote, firstly, the addition of the alcohol and, secondly,
the cyclisation reaction (Scheme 42, path a).343 Such a
proposal is of interest, but recent reports**> suggest to us an
alternative mechanism, which would involve an oxonium
salt intermediate formed by the addition of the carbonyl to
the palladium-activated alkyne (Scheme 42, path b).
Nevertheless, the Yamamoto mechanism, which involves
a hemiacetal intermediate, could explain the inefficiency of
the PdCl, catalyst; indeed, the literature reports various
examples of deacetalisation by l’dClz(MeCN)2,346’347 while
Pd(OAc), seems to be less efficient.>*7-34634% Thys, PdCl,
would induce a ‘no reaction reaction’**’ due to the
instability of the hemiacetal. Whatever the correct mecha-
nism, it is interesting to highlight that the oxidation state of
palladium is maintained all along the process.

H Pd(OAc), (0.1 equiv.) OMe OMe
p-benzoquinone (1 equiv.)
0 MeOH (2 equiv.) o . 0
% 1,4-dioxane, 1t,2.5 h \ P~ N
P
P Ph

h 66% 9%

(203)

OMe H Pd(OAc), (0.05 equiv.) OMe OMe

p-benzoquinone (1 equiv.)
OO o MeOH (2 equiv.) OO (]
_—
-di =
% 1,4-dioxane, rt, 3 h R
R OMe

OMe
R = CH,0SiMe,#-Bu 67%

(204)

In fact, a similar reaction, but with intramolecular attack of
the hydroxy group, was previously carried out by Toshima
et al. (Eq. 205), the selective formation of the Z-isomer
indicating a frans-oxypalladation.>°

S
7S

R
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HO

Pd(OAc), (0.02 equiv.)

—_—

o PhH, rt,7 d /
\ 61%, Z/E =95:1
CO,Me

CO,Me

(205)

Subsequently, these intermolecular alcohol/carbonyl-alkyne
reactions have been performed under a carbon monoxide
atmosphere by the teams of Kato (Eq. 206)*' and Costa
(Eq. 207).*** The experimental conditions led to carbonyla-
tion of the vinylpalladium intermediate, and a re-oxidant is
required because the Pd" catalyst is reduced in the course of
the process. Kato et al. used p-benzoquinone, and proposed
a mechanistic scheme (Scheme 43) which has some
similarities with Scheme 42, path b. Costa et al. used their
well-known PdL/KI catalyst with air, and suggested a
mechanism connected with Scheme 42, path a. In addition,
Kato et al. obtained similar reactions from tertiary
propargylic acetates and benzoates (Eq. 208).%%3%3

PdCl,(MeCN),
(0.05 equiv.)
p-benzoquinone
(1.1 equiv.)
—_—
CO (balloon)
MeOH, 0°Ctort, 1 h

COzMe
x

(206)
CoMe  GOMe
F

o OMe
16%

HCI

Scheme 43.
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MeOZC

]

O

Pdl, (0.033 equiv.)
KI (0.333 equiv.)
——
O CO/air (3:1, 3.2 Mpa)

MeOH/MeCN (1:25)
70°C, 24 h

=Z

18%  OMe

(207)
CO,Me CO,Me
X

(0)

+ O +

28% OMe 9% OMe

PdCl,(MeCN), (0.05 equiv.)
p-benzoquinone (1.1 equiv.)

CO (balloon), MeOH, 0°C R
R = Me (3 h: 65%), Ph (4.5 h: 80%) OMe

COzMe
0 (6]

o

(208)

Recently, Wu et al., reacting 2-alkynylbenzaldehydes with
aryl iodides and a Pd° catalyst in basic methanol, obtained
two types of compounds, a hydroarylation—esterification
adduct and/or an acetal (Eq. 209). The mechanism of the
formation of the hydroarylation—esterification adduct,
supported by experiments with a deuterium-labelled sub-
strate, implies a P-hydrogen elimination from a cyclic
oxypalladium complex (Scheme 44).>3* As for the acetal,
we suggest pathways as in Scheme 42 with ArPd"T as the
catalyst.

CO,Me

PdCl,

HC1

O)
COzMe
PdCl
~ T =
O c1-
/
o OMe

PdCI HCI
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\

D
Scheme 44.
R R Ar
R
4 Pd(PPhs)4 (0.05 eq.) /
Arl (2 eq.)
—— H
H  KyCO;(5eq) o 0
MeOH, reflux, 24 h
(0] OMe OMe
R = Ar=p-MeOCgHy: 74% 3%
R = p-MeOC¢Hy, Ar = 2-pyridinyl: 88%
(209)

Mukai et al. tested the MeOH/hydroxy-carbonyl-alkyne/CO
reaction: the expected cascade process did not succeed with
a Pd" catalyst (Eq. 210), but arose using a Pd® catalyst and
an oxidising reagent (Eq. 211). According to the authors,
only a minimal amount of the active Pd" species has to be
present in the reaction vessel to avoid the reaction of the
hemiacetal with methanol.>> The E-stereochemistry of
the double bond of the spiroacetal is in agreement with the
trans-oxypalladation of the triple bond.

PhCH,O
Pd'(cat) . yph,siol
oxidising reagent
PhCHZO CO, MeOH \
-BuPh,SiOln Pd,(dba);.CHCI; (0.05 equiv.)
0 benzoquinone (20 equiv.)
\\ CO (1 bar) PhCH,O

MeOH, rt, 48 h
1-BuPh,SiOlm

M602C

Hirai et al. have disclosed the cascade reactions illustrated
in Egs. 212 and 213 for the construction of 2-alken¥1-
tetrahydropyrans with a palladium dihalide as catalyst.>>%*7
According to the authors, the first step of the reaction is the
conversion of the allylic ether group into the corresponding
allylic alcohol.*® Indeed, the cyclisation succeeded using
directly the allylic alcohol and was faster than from the
allylic ether. The second step of the reaction is the

ArPdl
R
Pdl
O
D

CDO

formation of the hemiacetal that adds to the palladium-
activated C=C bond, leading, finally, to the product, as
depicted in Scheme 45. The oxypalladation, rather than
the addition to an n’-allylpalladium intermediate, was
retained, because no cyclisation product was obtained
from the corresponding allyl methyl carbonate.*>®

H OEt
PdY (0.05 equiv.)
0 EtOH (2.2 equiv.) 0
THF, rt
Ph N Nothp Ph 7 212)

PdCLy(PhCN),, 16 h: 70%
PdCly,(MeCN),, 16 h: 29%
PdBry(PhCN),, 40 h: 56%

[(m3-ally)PdCI], or Pd(OAC),, 24 h: 0%

OMe (210)

(211)
H OMe
o PdCly(PhCN), (0.1 .equiv.) o
MeOH (2.2 equiv.)
ROV othp  THF. 1t poW Me
Me R = /. BuPh,Si Me  80%
(213)



5996 J. Muzart / Tetrahedron 61 (2005) 5955-6008

H H
0 ROH
- ROTHP
N Normp
OR
0
F

Scheme 45.

7. Carbocation intermediates

Palladium" catalysts can mediate the self-condensation of
alcohols to afford symmetrical ethers,>® and we have
shown the critical role of the coordination environment
of palladium on the course of the catalytic reaction of
secondary benzylic alcohols, since either oxidation or
etherification was selectively obtained, depending on the
Lewis acid properties of the catalyst (Eq. 214).>° Our
suggestion of the involvement of carbocation intermediates
(Scheme 46) is in agreement with the subsequent work of
Abu-Omar et al., who obtained a diastereoisomeric and
racemic mixture of bis-sec-phenylethyl ether from (S)-sec-
phenylethyl alcohol.*®!

catalyst (0.1 equiv.) (6]
Na,COj3 (0 or 2 equiv.)
—_— or
solvent, 80°C, 6 h 2
PdCly(MeCN),, Na,CO3, CICH,CH,Cl: 98% 0%
(n-BuyN),PdCly, Na,COj3, CICH,CH,Cl: 0% 92%
PdCl,(MeCN),, PhCF5: 97% 0%
214)
Ar
OH
R

R

[[LPdHXQOH]e Ar}\

Scheme 46.

Instead of undergoing self-condensation, secondary
benzylic alcohols (Eq. 215)**'*%% and tertiary alcohols*®?
can afford disymmetric ethers, under Pd catalysis, by
reacting with other primary or secondary alcohols.

(-)-diopPdCl, (0.04 equiv.) OR
AgOTf(0.08 equiv.)
+ ROH —m—m——— )\
Ph” “Me (] equiv.) MeNO,50°C,24h Ph” "Me (215)

R = Bt (74%), i-Pr (48%), CH,Ph (68%), (CH,),OH (95%),
(CH,),SH (34%), CHPhCOPh (36%)

OH

-
- HOPdCl

PdCl, Cl ¢
ROH OH )\~
—_— /Pd ~oH
N o xS

OR
/ - HC1
(6]
OH
PdC1

8. Miscellaneous etherifications

Aliphatic phenylhydrazones react with methanol, leadin% to
(phenylazo)alkyl methyl ethers in low yields (Eq. 216).>%*

}Il’.dClz ((2.0031’§133equiv..) : Me. Me

H thiourea (0. equiv. N

No z —_— 216

Ph” NZ “Me CO/air (bubbling) Ph” N "OMe (216)
MeOH, tt, 6 h 18%

The condensation reaction between 4-acetoxy-2-azetidi-
none and various alcohols has been mediated by catalytic
amounts of Pd(OAc),. The use of a chiral alcohol leads to a
diastereoselective reaction (Eq. 217),365*367 while the use of
an enantiomerically pure azetidinone has no advantage,
because the substitution proceeds via a planar intermediate.”®

NEt; (2 equiv.)
—_—
PhH, rt, 50 h

OAc HO\((CHZ)QOCHQAT Pd(OAc), (0.07 equiv.)
+

NH

O (2 equiv.) 0S0.Me

Ar = 4-MeO-3-NO,-CgHs

H
> (CH,),0CH Ar
Jumng
o 0S0,Me
70%, de = 14%
217

Highly functionalised 3-methylenetetrahydrofurans have
been isolated by Balme et al. from sequential Michael
addition/carbocyclisation reactions of propargyl alcohol
with activated alkenes (Eq. 218). Scheme 47 has been

proposed to explain the use of only catalytic amounts of the
base, 368369

BuLi (0.1 equiv.)

CO,Et
I HOLC. Ot PUOAD: 005 cquv)
\E PPh3 (0.05 equiv.) CO,Et
THF, 0°C to 1t Ph

94% O
(218)

Three-component reactions affording 3-arylidene- or
3-alkenylidene-tetrahydrofurans have been subsequently
carried out by Balme’s team, using propargylic alcohols,
Michael acceptors and aryl (or 1-alkenyl) halides or triflates
with a Pd catalyst and a stoichiometric amount of base
(Eq. 219).>7°7% A similar strategy has been reported by Lu
et al.*”® The use of allylic instead of propargyhc alcohols
leads to tetrahydrofurans (Eq. 220).%’
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E

BuL1

OLi

intermoleculak

Li

Scheme 47.

o B1020<_-COsEt

—_/ + \[ + PhI

(1 equiv.) Ph (1 equiv.)
BuLi (1.1 equiv.) Ph CO,Et (219)
PdCL,(PPhs), (0.05 equiv.) A\ CO,Et
DMSO/THF .
25°C, 15 min 0 i-Pr
89%
EtO,C CO,Et
/\/OH + I + PhI
(2 equiv.) i-Pr (1.5 equiv.)
KH (2 equiv.) Ph CO,Et (220)
"Pd(dppe)" (0.05 equiv.) COEt
DMSO, 50°C o !;-pr

60%, trans/cis = 85:15

Another three-component annulation process has been
recently reported by Hallberg et al. to prepare masked
3-aminoindan-1-ones from a set of salicyclic aldehyde
triflates, ethylene glycol vinyl ether, and o-phenylbenzyl-
amine or various secondary nucleophiles amines. The
invoked reaction route involves the initial internal Heck

1
R OTf O/\I H
+ + ,T*ll\
CHO N OH R NR3

Pd(OAc), (0.027 equiv.)
dppp (0.053 equiv.)
1,2,2,6,6-pentamethylpiperidine

(1.3 equiv.) (3 equiv.) 3 equiv.)
MeCN, 80 or 90°C
18h
‘e P
R! 0 R! OH
- (
H
R!=H, R2=R3 = n-Pr, 80°C: 64% Nep3 ®
TR ,o NS 5
R!=H,R>=R3>=-Pr, 80°C: 17% RZ R R

R!=H, R?=Et, R3=Cy, 80°C: 71%
R! = OMe, R? = Et, R? = CH,Ph, 80°C: 71%
R! =R?=H, R? = CHPh, 90°C: 48%

Scheme 48.

PdH

“rac]| u®

E
‘%E Pd OH
(6) R

OH
| i
proton HPd E
transfer o R
OH
o R

LEl\/bfw/“m |

arylatlon of the vinylic ether, the formation of an iminiumm
ion, and the subsquent cascade cyclisation (Scheme 48).>7

The efficiency of the synthesis of substituted 2,3-dihydro-
furans from the Pd’-catalysed reaction of phenols with
5-methoxycarbonyloxy-3- pent;/n 1-ols depends on the
nature of the ligands (Eq. 221).*”° The mechanism proposed
by Yoshida et al. involves the nucleophilic addition of the
phenol to a Tt-propargylic complex (Scheme 49, path a);*’®
we suggest a palladium vinylcarbene complex as another
plausible intermediate (Scheme 49, path b). The Japanese
team has shown that the nucleophile can be a latent species
released from the carbonate moiety (Eq. 222).

Pd,(dba);.CHCL, (0.05 equiv.)
OH 2 3 3

L (0.2 equiv.) 0
OCOMe 5104 (1.1 equiv.) / OAr
= _—
Me . Me

Me dioxane, 60°C, 17 h Me
Ar :p-M€OC6H4 _ o o o
L = PPh; (15%), dppe (45%), dppf (84%)

221)
OH Pd,(dba);.CHCl; (0.05 equiv.)
OCOAr dppf (0.2 equiv.) ) OAr
— ———
Me dioxane, 60°C, 11 h M

Me A; = ,-MeOCH ¢ 74%

p-MeOUCL¢gHy Me °
(222)

The unusual transannular cyclisation depicted in Scheme 50
was ascribed to the acidic nature of the reaction medium.*””
Thus, we sus];)ect that its efficiency depends on the purity of
the catalyst.’

The Pd"-catalysed ring opening of 1,2-cyclopropanated
sugars with benzyl alcohol affords 2,3-unsaturated glycals
containing a 2-C-alkyl substituent as the main product
(Eq. 223), the catalyst serving as Lew1s acid for this Ferrier-
type rearrangement (Scheme 51).%
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OH
0CO,Me

Me
Pd
Scheme 49.
0 _O O, 7 0
0 0 0 0
Pd/,c —_ EtOH
e
EtOH @
o\/ NV SN o
0 = 0
5] @ ) OH ES  OH %%
Scheme 50.
OR
R = CH,Ph o
xpdllcl RO
X =Cl, RO RO
ROH

OR

P d a1 — PdCl
-0
RO
RO RO
Me OR
OR )
¢}
RO X
RO - o
e
Cl—Pd OR

Pd
Me OR H
\_‘ R0 <_/
Pd1INMOR
|
Cl

Scheme 51.
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0. PACI(PhCN), (0.1 equiv.)

RO ROH (2 equiv.)
RO CH,Cly, 11, 48 h \
OR
R = CH,Ph OR
0 ) 0
RO RO

- OR RO

67% Me 3% Me TOR
(223)

Tenaglia et al. have reported the formation of the bicyclic
systems shown in Eq. 224, via the PdCl,(MeCN),-catalysed
intramolecular reactions of an allylic alcohol with a
B-diketone or a B-ketoester.’®® The mechanism of these
formally 5-enol endo-exo-trig ring closures remains unde-
termined. Nevertheless, the French team has also obtained
such a bicyclic system from the trans-1,4-disubstituted
cyclohex-2-ene, as depicted in Eq. 225.%*' Consequently,
Tenaglia suggests oxopalladation of the C=C bond by the
enol, and protonation of the hydroxy group, the elimination
of which (as water) regenerates the pd" catalyst (Scheme
52). Interestingly, this procedure has been used for the
synthesis of tricyclic spiroketals (Scheme 53).%%°

COR H

HO n PdCly(MeCN), (0.05 quiv.)
COMe acetone, 25°C, 1-2 h

n=1,R=Me: 98%; n=1, R =OMe: 84% H
n=2,R=Me: 90%; n=2, R=0Me: 78%

Scheme 52.

CO,Me
ePdClz(MeCN)z (0.05 equiv.)

acetone, 25°C, 8 h
Ho™ o
82%

COM;

Tl

Note added in proof

Palucki et al. have reported the enantioselective synthesis
of oxygen heterocycles via the intramolecular C—O bond-
forming reaction of an aryl chloride substituted in the
o-position b;/ an alkyl chain bearing two hydroxy groups
(Eq. 226).

Me, OH
N
OHpj0Ac)/L (cat.)
_— >
Cs,CO5, PhMe
cl
L: t-Bu,P,
Me
K\
"/OH
CH20H

70%, 96% ee 11%, 4% ee

Ueneshi et al. have reported the stereospecific formation of
tetrahydro- and 3,6-dihydro[2H]pyran rings from the
intramolecular oxypalladation of homochiral 2-ene-1,7- ols
and 4-ene-1,3-ols respectively (Eqs 227 and 228). 3
contrast to the processes depicted in Section 3.1.3., t

A@J\COMe

COMe

Ellll

[ H de=973
o , PACl,(MeCN),
PdCly,(MeCN), (0.05 equiv.) / 55% s30,| (0:05 equiv.)
0
Qe acetone, rt, 30 min 45% aceton}el
" n=4 1 CO,Me , 0.5

O

Scheme 53.

ol ==

T
o’F
(5’
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Scheme 54.

reaction was carried out in the absence of re-oxidants of
palladium. To explain the 1,3-chirality transfer, the authors
suggest a Wacker-type reaction (Scheme 54), rather than
the intermediate chloropalladation of the double bond
(Scheme 18).

PACL(MeCN), Me,, _O N Me
WOH _~ 0.1 equw) 2 (J/\/
THF 0°C, 30 min 1%
(227)
Ph
H,
o PdClz(MeCN)2 CH;Ph Me
~\OH (OZequlv) 11, O W\
Me (228)

THF, rt, 7h
F
68%

The hydroalkoxylations of hexafluoropropene disclosed by
Matsukawa et al. are the first examples of the Pd-catalysed
synthesis of saturated ethers by the addition of an alcohol to
a C=C bond (Eq. 229).%**

(excess) F F F
R = CH,CF; (72%), CH,CF,CF; (73%), CH(CF3), (99%),
CH,CCl; (92%), Me (67%), Et (46%), CH,Ph (9%)

F
F
Pd(PPhs), (0.05 equiv.
~-F . ron (PPhs)4 (0.05 equiv.) )><OR
MeCN, 1t, 18241 F3C

(229)
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1. Introduction

Epoxides are an important class of compounds and often
made by the epoxidation of alkenes.' Industrially, with the
exception of ethylene, which is directly oxidized by oxygen,
most alkenes are epoxidized by peroxides or peracids in
organic solvents. Recently, because of the concern for the
environment, organic reactions conducted in aqueous media
instead of organic solvents have gained considerable
attention.” In this connection, hydrogen peroxide has been
promoted as a green oxidant because the oxidation reactions
can often be carried out in aqueous media and give water as
the only by-product.>* Some recent examples of alkene
epoxidation with hydrogen peroxide include, as catalyst, the
use of silica-supported titanium,” methyltrioxorhenium,®’
sodium tungstate,® iron complexes,” sodium bicarbonate'”
together with manganese (II) salts.'' The last example is
particularly interesting since, under the catalytic conditions,
epoxidation of alkenes was facile, and the conditions were
considered scalable. Possible limitations of the manganese/
carbonate catalyzed reaction were that the hydrogen
peroxide solution had to be added slowly (1.2—4.1 mL/h),
via a syringe system, to the reaction system, otherwise the
yield of the epoxide was much reduced, and organic co-
solvents were required for the epoxidation of lipophilic
alkenes."'

Hydrogen peroxide is produced commercially by the
anthraquinone (AQ) process. However, the process can

Keywords: Epoxidation; Immobilized enzyme; Glucose oxidase.
* Corresponding author. Tel.: +86 852 2766 5605; fax: +86 850 2364
9932; e-mail: bcchanth@polyu.edu.hk
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hardly be considered green. It involves the sequential
hydrogenation and oxidation of an alkyl-anthraquinone
dissolved in a mixture of organic solvents (usually a mixture
of an aromatic hydrocarbon and a polar organic com-
pound),® followed by liquid—liquid extraction in the
recovery of product.'* Each process cycle requires replace-
ment of solvents and anthraquinone makeup. Aromatic
hydrocarbon solvents are generally to be avoided because
they contribute to volatile organic contaminants (VOC) and
are potentially toxic. Another concern in the use of
hydrogen peroxide is the danger of transportation because
of the hazardous nature of neat hydrogen peroxide. It is
usually handled as a 30% aqueous solution, adding to the
bulk and weight of transportation. Methods for the
alternative production of hydrogen peroxide are being
explored actively. These include the use of a membrane
catalyst,"? liquid carbon dioxide as the solvent in the AQ
process'* or electrochemical reduction of oxygen.">™”

One way to circumvent the production and transportation of
hydrogen peroxide is to use microbial/enzymic epoxidation
of alkenes. Microbial epoxidation of alkenes had been
reported previously but the yields of epoxides tended to be
low, and accompanied by hydrolysis side products.'® The
use of peroxidases and hydrogen peroxide for the epoxida-
tion of alkenes had also been reported but suffered from the
easy degradation of the peroxidases.'” More recently, the
combined co-immobilization of glucose oxidase and
peroxidases has been explored to alleviate the operational
instability of the peroxidases.”® A general problem in using
purely enzymic system is the limitation of substrate
specificity and product inhibition of the enzymes. Here,
we report a chemoenzymic approach for the epoxidation of
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alkenes by combining the insitu enzymic generation of
hydrogen peroxide with the broad substrate generality of a
catalytic chemical system.

2. Results and discussions

2.1. Preliminary studies

Glucose oxidase (GOx, EC: 1.1.3.4) is a flavoenzyme which
catalyzes the oxidation of B-p-glucose by oxygen to 0-D-
gluconolactone and hydrogen peroxide (Eq. 1).

HO HO
o GOx 0
+ 0, —> HO
H?{O OH 2 Water % “ +  H0,
OH OH 0

(D

GOx is readily available commercially because of its
applications in food industry and in biosensors for the
detection of glucose. In most preparations of GOx, catalase,
which catalyzes the decompostion of hydrogen peroxide, is
also present in low concentration and therefore, cannot be
used for the production of hydrogen peroxide. Recently, a
catalase-free preparation of GOx with high activity
(>300 unit/mg) has become available and is therefore,
suitable for hydrogen peroxide generation using glucose as
the substrate.

Because glucose is likely to be present in excess in the
enzymic generation of hydrogen peroxide, we examined
first, the potential effect of glucose on the chemical catalytic
system for epoxidation. Using 4-styrenesulfonic acid,
sodium salt (1a) as the alkene and sodium bicarbonate
(1 M) as the catalyst in a pH 7.0 buffer solution, hydrogen
peroxide (0.15 M) epoxidation of the alkene was examined
in the presence of varying concentrations of glucose. It was
found that glucose did have a retarding effect on the
bicarbonate catalyzed epoxidation reaction (Fig. 1). On the
other hand, there was no noticeable difference between

100 4
R

90 XK .2A -

80 4 ./"v
° 70
[}
o
=}
-8 60 <
s &®
3 &
£ 50
(o]
Q
)
5 40
=

30

20

10

0 5 10 15 20 25 30

Time (hr)

Figure 1. The effect of glucose on the bicarbonate catalyzed epoxidation of
1a with hydrogen peroxide. The reaction was monitored by 'H NMR
and the percentage yield was determined by 'H NMR using internal
standard. (-l- without GO, - -O--0.1M GO, -a- 02MGO, - -V - -
0.3 M GO and --¢- 0.5 M GO).

0.1M and 0.2M glucose concentrations. When the
concentration was increased to 0.3 M or higher, the
retardation effect became significant. This suggests that a
reasonable concentration of glucose should not exceed
0.2 M for the chemoenzymic epoxidation.

We therefore, used a pH 7.0 phosphate buffer (10 mL)
solution containing glucose (0.2 M) and the GOx enzyme
(175 unit/mL), oxygen was bubbled into the mixture at a
flow rate of 0.1 mL/min and hydrogen peroxide generation
was followed by electrochemical monitoring. It was found
that hydrogen peroxide was produced to an optimal
concentration of 0.025M in 6.5 h (Fig. 2). The concen-
tration of H,O, started to level off after that time even
though the glucose was still far from depleted, suggesting
that product inhibition of the enzyme was beginning to
occur. This also suggests that it is preferable to have the
alkene epoxidation completed within that timeframe before
enzyme inhibition occurs.
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Figure 2. The generation of hydrogen peroxide by glucose oxidase
(175 unit/mL) and 0.2 M glucose in 10 ml pH 7.0 phosphate buffer solution
with an oxygen flow of 0.1 mL/min.

2.2. Epoxidation of aqueous soluble alkenes

Using 0.2 M glucose, 0.5 M NaHCOj; and 0.05 M 1a as the
substrate in pH 7.0 phosphate buffer solution and GOx
(175 unit/mL) as the standard condition, with oxygen
bubbling at a flow rate of 0.1 mL/min, the epoxidation
was followed by 'H NMR. The yield of the epoxide (2a)
was however moderate, at about 15% even after prolonged
reaction time. Increasing the amount of glucose in the
reaction mixture did not improve the yield (Eq. 2).

¢}
AN < 0.2M Glucose/O,/GOx >A<
/_ 0.5M NaHCOj3/ pH7.0 phosphate sol.
1 2

2)

More recently, it has been reported that catalytic amount of
manganese sulfate greatly accelerates epoxidation of
alkenes in the hydrogen peroxide/aqueous sodium
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bicarbonate process.'' We found that under the chemo-
enzymic conditions as described above, by adding a
catalytic amount of manganese sulfate (0.1 mol%), the
epoxidation of 4-styrenesulfonic acid, sodium salt (1a) was
completed in a short time (less than 3 h) with excellent
yields of the epoxide 2a (>90%, entry 1, Table 1). Other
water-soluble alkenes, such as 4-vinylbenzoic acid (1b,
entry 2) and 3-methyl-2-buten-1-ol (1¢, entry 3) were also
epoxidized in high yields under similar conditions.

2.3. Epxidation of lipophilic alkenes

We have also examined the chemoenzymic approach for the
epoxidation of lipophilic alkenes. It is known that glucose
oxidase is quite robust and not deactivated by the presence
of t-butanol.?’ We examined first, the effect of 7-butanol on
the epoxidation of 1la. It was found that both the rates of
conversion of the alkene to the epoxide were substantially
lower as the concentration of ¢-butanol increased,20 but only
modestly affected in 10% solution (Fig. 3, curve B-D; and
entries 4-6, Table 1). Thus, using aqueous 10% r-butanol
solution as the media and the same reaction conditions,
styrene (1d) was epoxidised with oxygen/glucose/GOx and
Mn?*/HCO;3 to give 45% conversion of styrene to the
corresponding epoxide in 90% yield, after 3 h (entry 7).

It would be preferable to be able to avoid the use of organic
co-solvent completely. It is known that the glucose oxidase
enzyme is not affected by sodium dodecyl sulfate (SDS) at

Table 1. Chemoenzymic epoxidation of alkenes
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Figure 3. The effect of #-butanol and SDS on the chemenzymic epoxidation
of 4-styrenesulfonic acid, sodium (1a). The reaction was monitored by 'H
NMR and the percentage yield was determined by 'H NMR. (- -V - -
Curve A: without SDS and ¢-butanol, -ll- Curve B: 10% r-butanol, - -O- -
Curve C: 20% t-butanol, -4 Curve D: 30% t-butanol, --¢- and Curve E:
5 mM SDS).

10 mM concentration at pH 6-7 even after prolonged
incubation.?! We examined therefore, the effect of 5 mM
SDS on the epoxidation of 1a in aqueous media under
identical conditions (Fig. 3, curve E). It is clear that the
presence of SDS did not affect the rate or yield of the
epoxidation reaction under the chemoenzymic conditions.
We applied therefore, the SDS (5 mM) conditions to the
epoxidation of styrene (1d) and styrene epoxide was

Entry Alkene (1) Time (h) Additive Conversion of 1 Yield of 2 (%)*
(%)
NaO3S

1 \©\/ 3 — >99 93(81)

la

HO,C

2 \©\/ 3 — >99 91(83)

1b

__CH,0H
3 >_; 8 — >99 81
c
4 la 3 10% t-BuOH 80 90
5 la 3 20% t-BuOH 68 91
6 la 3 30% t-BuOH 30 90
o

7 3 10% t-BuOH 45 90

1d

o

8 3 5 mM SDS 65 91

1d
9 3 5 mM SDS >90 71(56)

le
10 O 8 5 mM SDS 20 >99

1f

Ph
11 L CHzOH 6 5 mM SDS 95 60°
g

12 8 5 mM SDS 32 90

1h

* Yields were calculated based on converted alkene 1 and were determined by '"H NMR or GC using an internal standard. Isolated yield was given in

parenthesis.
® trans-3-Phenylpropenal was observed in 35% yield.
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obtained in 91% yield, now with 65% conversion, after 3 h
(entry 8). We had the same results when we used 8 mM SDS
which is the critical micelle concentration. Operationally,
the SDS conditions are quite simple to handle and can be
used readily for the preparative scale epoxidation of
alkenes.

We have also applied the same reaction conditions to the
epoxidation of a-methylstyrene (le), cyclooctene (1f),
cinnamyl alcohol (1g) and 1,2-dihydronaphthalene (1h).
The results are summarized in Table 1 (entries 9-12). In the
case of cinnamyl alcohol (1g), oxidation of the allylic
alcohol to the corresponding aldehyde was observed as a
competitive reaction. It should be noted that in the
epoxidation of lipophilic alkenes, the oxygen was not
bubbled through the reaction mixture because the volatile
alkenes would be carried away by the oxygen with
subsequent reduction of yield. The reaction mixture was
simply stirred in an atmosphere of oxygen. This may have
contributed to the lower conversion of some of the alkenes
within the reaction time studied.

2.4. Enzyme immobilization

We have also explored the use of immobilized glucose
oxidase for the reaction and the possible recovery and
recycling of the enzyme. We have examined two methods
of immobilization: (a) sol gel formation?>>* and
(b) immobilized glucose oxidase on silica gel surface
using the approach outlined in Scheme 1.2’ In the first,
approach, the enzyme was physically dispersed in the sol
gel. The advantage is that the enzyme is readily accessible
to the substrate in the aqueous reaction mixture. The use of
such a method of immobilization gave indeed good
epoxidation of 1a to the corresponding epoxide (Fig. 4).
The sol gel was recovered from the aqueous phase followed
by washings. However, on recycling of the sol-gel
immobilized enzyme, the activity dropped dramatically
and became essentially inactive after the third cycle (Fig. 4).
We attributed the loss of the enzymic activity to the removal
of the enzyme from the sol gel during the washing process.

We therefore, examined the other immobilization method
where the glucose oxidase is chemically anchored onto
silica gel (Scheme 1). In this method of immobilization, the
enzyme is less accessible, and thus, larger amount of
enzyme (4500 units) was required to achieve the epoxida-
tion of 1a to the product epoxide in three hours. On the other
hand, the immobilized enzyme could be recovered easily
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Scheme 1. Immobilization of glucose oxidase on silica gel.
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Figure 4. Epoxidation of 1a by chemoenzymic system using enzyme
immobilized in sol-gel. Yield was determined by HPLC versus an internal
standard. (-ll- 1st cycle, - -O- - 2nd cycle and --a- 3rd cycle).

and retained its activity. It was found that the immobilized
GOx can be re-used 8 times with excellent yields of epoxide
(Fig. 5). The immobilized GOx was very stable and can be
kept for 4 weeks at —4 without loss of activity.

% of epoxide produced

3 4 5 6 7 8 9 10

Recycle no.

Figure 5. Recycling of enzyme in the epoxidation of 1a by chemoenzymic
system using enzyme immobilized on silica gel. Yield was determined by
HPLC versus an internal standard.

3. Conclusions

A chemoenzymic approach for the insitu generation of
hydrogen peroxide in the epoxidation of alkenes was
investigated. Water-soluble alkenes were oxidized with
oxygen/glucose/GOx and Mn?*/HCO5 and the yields of
epoxides were excellent (~90%). The effect of #-butanol or
SDS on the chemoenzymic oxidation system was studied.
By using SDS, lipophilic alkenes were also epoxidized with
glucose/GOx and Mn?*/HCO; without the need for
organic co-solvent. Moreover, immobilized GOx was
explored and it was found that chemically immobilized
GOx on silica gel was stable and could be re-used 8 times
with no significant loss of activity. By the combined use of
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enzymic generation of hydrogen peroxide with a chemical
catalyst, one can take advantage of the easy modifications of
the chemical system and the broad substrate generality as
demonstrated in the present study for the epoxidation of
alkenes. The system may be adaptable to other abiotic
catalytic systems for different chemical transformations
using hydrogen peroxide.

4. Experimental
4.1. Materials

All chemicals were purchased from Aldrich and used as
received. Glucose oxidase (catalase free) was purchased
from Biocatalyst Limited.

4.2. Instrumentation

"H NMR spectral measurements were carried out on a
Bruker DPX-400 MHz NMR spectrometer. Differential
pulse voltammetry (DPV) was carried out on a Bioanalytical
System BAS100B electrochemical analyzer.

4.3. Epoxidation of the 4-styrenesulfonic acid, sodium
salt (1a) in the presence of varying concentrations of
glucose

An aqueous solution of the alkene (0.1 mmol, 1a), NaHCO3
(1 M) and hydrogen peroxide (0.15 M) was mixed with
glucose (0.0.1-0.5 M) in 500 uL. pH 7.0 phosphate buffer
D,O solution. The reaction was monitored with 'H NMR by
the disapperance of the vinyl proton signals at 6.2 ppm or
the appearance of the epoxide signals at 2.4 ppm.

4.4. Electrochemical determination of hydrogen
peroxide concentration.”®*°

Platinum was used as the working electrode. It was first,
polished with 0.05 um alumina followed by ultrasonic
cleaning and thorough rinsing with distilled water. The
electrode was then activated in 1.0 M sulfuric acid by
scanning the potential between 1.3 and —0.25 V versus
SCE at a scan rate of 200 mV/s. The platinum electrode was
considered as being activated if the cyclic voltammogram
exhibited the characteristic hydrogen adsorption and
desorption fine structure as well as the oxide formation
and removal profile.*®

A solution of glucose was mixed with glucose oxidase
(175 unit/mL) in a pH 7.0 phosphate buffer solution (10 mL)
to make up a 0.2M glucose solution. The mixture was
bubbled with oxygen gas. DPV was carried out at different
time intervals to monitor the hydrogen peroxide generated
by the enzyme. Calibration curve was constructed using
known concentrations of hydrogen peroxide under similar
conditions.

4.5. Chemoenzymic epoxidation of water-soluble alkenes
A mixture of alkene (1a-1c¢, 0.1 mmol), NaHCO;3 (0.5 M),

glucose (0.2 M), glucose oxidase (175 units/mL) and
MnSO, (0.1 mol %) was dissolved in a pH 7.0 phosphate

buffer solution (2.0 mL) which was prepared using D,O as
solvent. The mixture was bubbled with oxygen gas at a flow
rate of 0.1 mL/min throughout the reaction. The reaction
was monitored by '"H NMR and the percentage yield was
determined by NMR.

4.6. Epoxidation of 1a in the presence of varying
concentrations of #-butanol

A solution of the alkene 1a (0.1 mmol), NaHCO; (0.5 M),
glucose (0.2 M), MnSO, (1 mol %) and GOx (175 unit/mL)
was mixed with different concentrations of 7-butanol in a
pH 7.0 phosphate buffer solution in D,O (15 mL). The
mixture was bubbled with oxygen gas at a flow rate of
0.1 mL/min throughout the reaction. The reaction was
monitored by 'H NMR.

4.7. Epoxidation of 1a in the presence SDS

A solution of the alkene 1a (0.1 mmol), NaHCO; (0.5 M),
glucose (0.2 M), MnSO4 (1 mol %), SDS (5 mM) and GOx
(175 unit/mL) was mixed in a pH 7.0 phosphate buffer
solution in D,O (15 mL). The mixture was bubbled with
oxygen gas at a flow rate of 0.1 mL/min throughout the
reaction. The reaction was monitored by '"H NMR.

4.8. Chemoenzymic epoxidation of water-insoluble
alkenes

A solution of the alkene (1d-1h, 0.1 mmol), NaHCO;
(0.5 M), glucose (0.2M), MnSO,4 (1 mol %) and GOx
(175 unit/mL) was mixed in a pH 7.0 phosphate buffer
solution in water (20 mL) containing 10% tert-butyl alcohol
or SDS (5§ mM). The reaction mixture was simply stirred in
an atmosphere of oxygen. When the reaction was com-
pleted, water (20 mL) was added and the mixture was
extracted with diethyl ether (5X20 mL). The organic layer
was then washed with brine (2 X 15 mL), dried over sodium
sulfate, filtered, and the diethyl ether was removed by a
rotary evaporator to give the desired product. The
percentage yields were determined by GC or 'H NMR
with internal standard.

4.9. Immobilization of glucose oxidase in sol-gel

A solution of tetramethoxysilane (300 puL) in hydrochloric
acid (0.1 M, 10 pL) was mixed vigorously with distilled
water (700 pL) for 3 h. A pH 7.0 phosphate buffer solution
(200 puL) was added to neutralize the excess acid. The
enzyme GOx (2900 unit) was then added and well mixed.
The sol-gel was then put into refrigerator for 2 days at 4 °C
for condensation.

4.10. Immobilization of glucose oxidase on silica gel

A quantity of silica gel (1.0 g, Merck grade 10184, 70-230
mesh, pore size 100 A, surface area 300 mzlg) was activated
under vacuum at about 80 °C for 2 days. After cooling,
3-(aminopropyl)-triethoxysilane (4 mL) was added in
chloroform (60 mL) and the mixture was stirred for 1
days. The solid was filtered off, washed with chloroform
(10 mL) and dried in air. The solid was then mixed with
bis(sulfosuccinimidyl) suberate (1.5 mL, 0.57 mg/mL) in a



6014 K.-H. Tong et al. / Tetrahedron 61 (2005) 6009-6014

pH 7.0 phosphate buffer solution (20 mL). After 20 min, the
solid was filtered off and washed with the buffer solution
(5 mL). It was then mixed with GOx (4500 units) ina pH 7.0
phosphate buffer solution (20 mL). After 30 min, the solid
was filtered off and washed with the buffer solution. The
immobilized GOx was kept under —4 °C.

4.11. Epoxidation of 1a with immobilized enzyme

4.11.1. Immobilization of glucose oxidase in sol-gel. A
solution of the alkene 1a (0.1 mmol), NaHCO; (0.5 M),
glucose (0.2 M), MnSO,4 (1 mol %) and the sol-gel
immobilized GOx (2900 units) was mixed in a pH 7.0
phosphate buffer solution in D,O (2mL) for 3h with
stirring under oxygen. After the reaction, the immobilized
GOx was filtered and washed with pH 7.0 phosphate buffer
solution in D,0. The yield was determined by 'H NMR with
internal standard.

4.11.2. Immobilization of glucose oxidase on silica gel. A
solution of the alkene la (0.1 mmol), NaHCO; (0.5 M),
glucose (0.2 M), MnSO, (1 mol%) and the silica-gel
immobilized GOx (4500 units) was mixed in a pH 7.0
phosphate buffer solution in water (20 mL, the larger
volume of water was required to allow smooth stirring of
the solid silica-gel) and the mixture was allowed to react for
7h with stirring under oxygen. After the reaction, the
immobilized GOx was separated by centrifugation and
washed with a pH 7.0 phosphate buffer solution. The yield
was determined by HPLC with internal standard. The
recovered silica-gel immobilized GOx could be stored at
—4 °C and reused for the epoxidation reaction.
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Abstract—In this report, we describe an efficient, highly convergent, stereocontrolled first total synthesis and a second-generation synthesis
of madindolines A 1 and B 2, potent selective inhibitors of interleukin 6. The key steps include (1) asymmetric oxidative ring-closure reaction
of tryptophol 3 to construct a chiral 3a-hydroxyfuroindoline 4 using the modified Sharpless asymmetric epoxidation condition, (2) highly
diastereoselective acylation to build up the quaternary carbon center, and (3) intramolecular acylation of ester 32 with allylsilanes to produce
the full substituted cyclopentenedione units. Our first synthetic route defines for the first time both their relative and absolute configurations.
Moreover, a more efficient second-generation synthesis was designed, which is suitable for gram-scale preparation of these compounds.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Interleukin 6 (IL-6) is a multifunctional cytokine involved
in the regulation of differentiation and antibody production.
In addition, uncontrolled IL-6 activity plays a central role in
a variety of serious diseases,’ including cancer cachexia,’
Castleman’s disease,” rheumatoid arthritis,* hyper-
calcemia,” and multiple myeloma.® Because no effective
therapeutic agents for these diseases have been developed, a
low molecular weight compound that modulates the
function of IL-6 has been sought.

In 1996, we reported the isolation of the novel indole
alkaloids from the culture broth of Streptomyces nitro-
sporeus K93-0711, madindolines A (+)-1 and B (+)-2
(Fig. 1), as selective inhibitors of IL-6.”% The biological
activity profiles of (+)-1 and (+)-2 were exceptional.
Both (+)-1 and (+)-2 specifically inhibited the growth of
the IL-6-dependent MH60 cell line (ICsy values of 8 and
30 uM, respectively),” but they did not affect the IL-6-
independent MH60 cell line. More detailed biological
studies showed that (+)-1 dose-dependently suppressed

Keywords: Interleukin 6; Madindolines; Tryptophol.
* Corresponding author. Tel.: +81 3 5791 6101; fax: +81 3 5791 6380.;
e-mail: omura-s @kitasato.or.jp

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of (+)-madindoline A (1) and B (2).

IL-6 and IL-1l-induced osteoclastogenesis.” Moreover,
oral administration of (+4)-1 to ovariectomized (OVX)
mice significantly suppressed the decrease in bone mass
and increase in serum Ca®* level after ovariectomy.’
This suppression mechanism was distinct from that of
17B—<=,stradiol.9 However, further studies on their bio-
logical properties were not possible, because the
madindolines were no longer available from natural
sources due to mutation of the bacterial strain. Thus, the
madindolines have been only available via total
synthesis.
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Table 1. Results of asymmetric oxidative ring-closure of tryptophol (3)

OH
OH
(+)-DIPT
( 2/ \i — S
N Ti(O-i-Pr)4, t-BuOOH N
H H H
4A MS, CH,Cl,

3 (-)-4

Entry Reagents® (equiv) Concentration Temp. (°C) Time (h) Scales for 3 Yield® (%) ee of Product®
of 3 in CH,Cl, (%oee)
M)
Ti(O-i-Pr), (+)-DIPT

1 1.0 1.2 0.4 —20 3 500 mg 36 69
2 1.0 1.2 0.01 —20 6 70 mg 72 99
3 1.0 1.2 0.01 —20 5 10g 67 73
4 0.25 0.30 0.01 —20 48 70 mg 37 28
5 1.0 1.2 0.1 —40 4 10g 60 84
6 1.8 2.0 0.1 —40 2 10g 56 >99
7 1.8 2.0 0.1 —40 2 75¢g 55 99

* All reactions were carried out with ~-BuOOH (2.5 equiv) in 4 A-molecular sieves.

® Yields were based on pure materials isolated by chromatography on SiO,.

© The ee of the product was determined by HPLC analysis (column, DAICEL Chiralcel (46 X250 mm); UV at 254 nm; 0.35 ml/min; 0 °C; solvent, 9% 2-
propanol in hexane, rt=70.5 min).

Madindolines are comprised of an unusual For instance, dilute and stoichiometric conditions for a
3a-hydroxyfuroindoline ring connected at the nitrogen via small scale (70 mg) reaction generated highly optically
a methylene bridge to the cyclopentene-1,3-dione ring. The active (—)-4 in 72% yield (entry 2); however, the catalytic
planar structures of 1 and 2 were assigned by detailed 1- and protocol proved less effective (e.g., 37% yield; 28% ee;
2-D NMR studies, in conjunction with IR, UV and mass entry 4), and the reaction with 0.1 M at —40 °C for a large
data, but the relative and absolute configurations have scale production (7.5 g) gave (—)-4 in 55% yield without a
remained undefined.® Due to the promising biological decrease in enantioselectivity (entry 7). We suspect that this
activity and novel structures of madindolines, we have is caused by difficulty in maintaining the temperature within
focused on the total synthesis of these compounds to the reaction mixture when dilute conditions are used for
determine their stereochemistry and to supply the materials. large scale production. Finally, use of (+)-DIPT instead of
So far, four total syntheses of madindolines, including our (—)-DIPT afforded the enantiomer (+)-4 with high

first- and second-generation syntheses, have been
reported.'® Herein, we report the development of our total
syntheses of madindolines.

enantioselectivity and with a similarly good yield. Thus,
the reaction protocol can provide both enantiomers of
3a-hydroxyfuroindoline with high optical purities.

Based on the proposed mechanism by Saito et al. for the
12

2. Results and discussion preparation of racemic 4 using singlet oxygen,'” this

oxidative ring-closure likely occurs by an electrophilic

2.1. Asymmetric synthesis of both enantiomers of attack of the peroxide at the 3-position of the indole ring,

3a-hydroxyfuroindoline followed by ring closure between the imine carbon and the
primary alcohol. To determine the absolute stereochemistry,

Before we embarked upon the first total synthesis and (—)-4 was treated with Mel followed by esterification with

determination of the absolute stereochemistry of madindo- (—)-MTPA to produce ester (—).5'3 as a light yellow

lines, it was necessary to demonstrate that optically pure 3a- crystal (Scheme 1). Single-crystal X-ray diffraction for (—)-

hydroxyfuroindoline 4 can be easily prepared from 5 was performed to confirm the stereochemistry of (—)-4"

commercially available compounds. Based on our obser- (Fig. 2).

vation that m-CPBA oxidation of tryptophol 3 afforded

racemic 3a-hydroxyfuroindoline 4 in 75% yield, we

expected that asymmetric oxidative ring closure of 3

would be possible by a combination of suitable asymmetric Ph o

inducers with an oxidative reagent. Thus, we tried to F3CZE “Me

establish the protocol by taking advantage of the Sharpless HO

asymmetric epoxidation.11 In the initial attempts we 1) Mel (13%) 0 o)

examingd the r.e.action under the sFandard Sharp}ess O 2)(S))-MTPA acid R

epoxidation conditions, the results of which are summarized N Y DCC. DMAP 8as\—0

in Table 1. To obtain high enantioselectivities, a low H (51%) N Yy

concentration of the substrate 3 with a stoichiometric (-)-4 (99%ee) M e

oxidant is required for relatively small-scale production, but
for large scale reactions, a short reaction time and a lower
temperature is preferred rather than the dilute conditions. Scheme 1. Synthesis of (—)-5.

)5
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Figure 2. ORTEP plot of the X-ray structure of (—)-5.

AcONa,
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\H \rCHO
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Scheme 2. Reductive amination of simple aldehydes with furoindoline (—)-4.
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Scheme 3. Reductive amination of pivaroyl aldehyde with tryptophol (3).
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Scheme 4. Reductive amination with indoline.

2.2. N-Alkylation of a model system

Next, we tried to establish the reaction conditions for
coupling (—)-4 to cyclopenten-1,3-dione units to construct
the whole madindoline skeleton. We examined reductive
amination'® of simple aldehydes with (—)-4 (Scheme 2).
Amination of 2-methy1pr0}1)ana1 with (—)-4 provided the
N-isobutylindoline (—)-6"~ in moderate yield (62%),
whereas pivaroylaldehyde, carrying a quaternary center at
the a-position like a real coupling partner, did not produce
the desired Broduct but rather the undesired N-z-butyl-
tryptophol 7' in high yield (80%). Moreover, all attempts
of N-alkylation of (—)-4 with a simple alkylhalide were
unsuccessful under the conditions tested and produced
mixtures of undesired products.

These results led us to try coupling with tryptophol 3, the
precursor of (—)-4, with a suitable aldehyde under
reductive amination conditions.'> However, due to the
high nucleophilicity of the 3-position of indole, standard
reductive amination conditions furnished the undesired

AcONa, OH
NaBH3CN, \
AcOH, EtOH

0°C N
>'/CHO >H
(80%) !

furoindoline 8'* in 29% yield together with the desired
N-alkylated indole 7 in 22% yield (Scheme 3).

To circumvent this problem, the indole moiety was reduced
to indoline 9'*'® in 100% yield to remove the nucleo-
philicity at the C3-position. Reductive amination'’ ,was then
carried out to produce N-alkylated indoline 10" in good
yield (89%). Oxidation of 10 with MnO,'® led to the desired
product 7 in excellent yield (99%) (Scheme 4). With this
ability to convert indoline to indole, we could design a
coupling reaction between the indole unit and sterically
hindered aldehyde.

2.3. Retrosynthetic analysis of madindoline A and B for
the first generation

Scheme 5 outlines our retrosynthetic strategy for madindo-
lines. Having secured a viable asymmetric protocol to
access the 3a-hydroxyfuroindoline ring and an N-alkylation
protocol to yield N-alkyl indole, we envisioned the total
synthesis of 1 and 2 to entail reductive coupling of aldehyde
12 with 3-(2-ethanol)-indoline 9 and oxidation of the
indoline unit, followed by the stereocontrolled introduction
of the 3a-hydroxyfuroindoline ring exploiting the Sharpless
protocol. The synthetic strategy for the cyclic aldehyde 12
depends on the efficient ring formation from the linear dlene
13 with Grubbs’s ring-closing olefin metathesis reaction.'

We reasoned that 13 could be prepared from double-
stereoselective aldol reactions. Importantly, this strategy
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Scheme 5. Retrosynthesis of madindolines.

was promising for controlled access to each of the possible
stereoisomers of the madindoline skeleton, thereby permit-
ting establishment of the relative and absolute configur-
ations of 1 and 2.

2.4. Synthesis of the cyclopentene core

The construction of the required cyclopentene core began
with the Evans asymmetric aldol reaction of oxazolidinone
(+)-17"° with 2-butylacrolein 16 to produce the aldol
product in 81% yield with >99% de, which was followed
by methanolysis under basic conditions (MeONa in MeOH),

N\
(+)-17

Li_ .Li_
o (0]
then 14

_ >

-Bu
NOMe o W
Conversion yield 96%

MeO,C
cat. A 2>
L\V HO OH
cat. B
RCM
18

Scheme 6. Preparation of diene 13 and RCM.

Grubbs reagent (cat. A)

)
,:“ TCOZMe \)LN )ko

Bu \{_/
5 Y
16 17

furnishing the B-hydroxyester (—)-15' in 91% yield
(Scheme 6). Aldol reaction based on the Frater’s protocol21
of (—)-15 with methacrolein 14 furnished diene 13'® as an
inseparable mixture (mainly the R configuration) in 54%
(96% based on recovered SM) yield. However, the ring-
closing olefin metathesis (RCM) using first generation
Grubbs reagent (cat. A)'® or Schrock reagent (cat. B)'% to

form cyclopentene 18 was unsuccessful. When the RCM
was attempted with cat. A in any solvents, only the
unreacted starting material and some unstable carbene
complexes were observed. In the case of cat. B, substrate 13
could not survive under the reaction conditions. We

OH

\)L )k 1) n-Bu,BOTF
Et;N, 16 (81%) CO,Me 2LHMDS
u 2) MeONa,
S MeOH (91%)

(-)-15
OH OH
R

MeOZC
13 (Mostly R configuration)

i-Pr i-Pr
PCy; ”
CF;);MeCO~
Ru—\ (CF3); %\
(CF3);MecO” Me
pcy3 Ph 3)2 Me

Schrock reagent (cat.B)
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lo) (0}
OH O
\)kN)ko 1) n-BuzBOTf
EtsN AN
\ 3 Mome
X -CHO
N\ 10 (®9%) (20
2) MeONa
(+)-17 MeOH (87%)
OH OH
2 LHMDS S 25 2-methoxypropene
OHC - CSA
MeO,C *
14
(70%) 21 (Mostly S configuration)
Conversion yield
97%

\%{ + %{ + %(
MeO,C MeO,C MeO,C

(+)-22a (54%) (+)-22b (18%) (+)-22¢ (11%)

Scheme 7. Preparation of diene 21.

Me
Figure 3. NOE analysis of (+)-22a—c.
(o) o MeOZC,Il
e 1) TFA (85%) HO~ -
- 2) RCM
MeO,C ~ cat. A
(+)-22a CH,Cl, (69%) ()23
(85%)
OH OH
A 2
MeO,C =

21(mixture)

(Mainly S configuration

for C2-position)

1) Cul, n-BulLi, THF;
then PhSeBr

2) H202, AcOH

O EtOH

(exo:endo = 1:1)

Scheme 8. Synthesis of cyclopentenone (—)-26.

OH

RhCl4+3H,0,

(73% for 3 steps)
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expected that this RCM reaction would be suppressed by
high steric hindrance between the methyl and butyl groups
on the double bonds. To avoid this problem, we planned to
introduce the butyl function on the double bond of
cyclopentene after the RCM reaction.

To produce a cyclopentene substrate without a butyl group,
stereoselective double aldol reactions from (+)-17 with
acrolein 19 and methacrolein 14 were carried out by a series
of reactions analogous to Scheme 6. The aldol reaction of
(+)-17 with acrolein 19 proceeded in 89% yield with
>99% de (Scheme 7); methanolysis afforded (+)-20" in
87% yield. Aldol reaction based on the Frater’s protocol
with methacrolein 14 furnished diene 21'* in 70% (97%
based on recovered SM) yield as a hardly separable
diastereomeric mixture. To establish the relative stereo-
chemistries of the components in 21, the mixture was
converted to the corresponding 1,3-acetonides 2221—c,13’22
which were separated by flash chromatography. NOE
analysis permitted stereochemical assignment (Fig. 3).

Hydrolysis* of the major acetonide (+)-22a followed by
RCM of (+)-21a (0.2 >equiv Grubbs catalyst, CH,Cl,,
40°C) furnished cyclopentene (—)-23'* in 69% yield.
Selective protection of the less hindered allylic alcohol with
TBSOTT (86% yield) followed by MnO, oxidation provided

1) TBSOTH,
2,6-lutidine
CH.CI, (86%)

2) MnO,, CH,Cl,

(100%)

1) RCM cat. A
2) TBSOTf

3) MnOZ, CH2C|2

4) chromatography
separation

(53% overall yield)

(-)-24

M 302C,/'
TBSOa_”

(-)-26
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OHC,
TBSOa_

1) LAH (56%)

(-)-26 2) DMP[O]

27

Scheme 9. Reductive amination 1.

(—)-24" in quantitative yield (Scheme 8). For material
advancement, the diastereomeric mixture of diene 21 was
subjected directly to the RCM, and selective protection of
the less hindered hydroxyl group, oxidation and flash
chromatography separation provided (—)-24 as a single
diastereomer in 53% overall yield. Subsequent conjugate
addition with n-Bu,CuLi,** followed by phenylselenylation
of the derived enolate with PhSeBr, and oxidative
elimination using H,O, under acidic conditions furnished
a 1:1 mixture of exo/endo olefin isomers. Treatment of the
mixture with RhCl;* in aqueous EtOH converted the exo
congener to the endo cyclopentenone (—)-26'% in 73%
overall yield from (—)-24.

2.5. Fragment coupling and completion of total synthesis
of the madindolines A and B

Having prepared the madindoline cyclopentene fragment
(—)-26, the following steps were carried out to couple the
indoline unit with the cyclopentene fragment and, thus,
complete the total synthesis. As previously discussed,
failure in the coupling of 3a-hydroxyfuroindoline with
cyclopentene-dione led us to focus on the use of 3-(2-
ethanol)-indoline as a precursor of 3a-hydroxyfuroindoline.
To obtain the coupling partner, reduction of (—)-26 with
LiAlH,4, followed by Dess—Martin oxidation®® provided
ketoaldehyde 27 (Scheme 9). However, 27 was found to be
very unstable due to deformylation. Therefore, 27 was

T. Hirose et al. / Tetrahedron 61 (2005) 6015-6039

OTBS

\\/Z

TiCly, PhH;
then NaBH3;CN
in MeOH

(29% for 2 steps)

TBSO

29

subjected to the reductive amination with indoline 28
without purification. Several reaction conditions were
attempted for this reductive amination. However, all of
them resulted in poor yields, and the best result obtained by
TiCl, treatment in PhH and NaBH;CN reduction in MeOH
gave the1 glesired product 29 in only 16% overall yield from
(—)-26."

This difficulty was probably associated with the instability
of the aldehyde function due to the ketone group at the
a-carbon. To avoid this problem, (—)-26 was subjected to
stereoselective reduction of the ketone group with NaBH,
and CeCls,” silylation of the resulted allylic alcohol with
TBSCI in the presence of KH and 18—crown—6,28 and
DIBAL-H reduction of the ester group to produce the
primary alcohol (+)-30" (74% for the three steps), which is
the precursor of the aldehyde. NOE analysis of (+)-30
allowed stereochemical assignment (Scheme 10). To this
end, the Dess—Martin oxidation®® of (+)-30 proceeded
smoothly. The intermediate of an iminium salt was
generated from aldehyde and 28 with TiCl, in PhH, and
then the solution of NaBH;CN in MeOH was directly added
to the iminium solution to furnish the desired N-alkyl-
indoline 31'? as a diastereomeric mixture in 77% yield from
(+)-30 (96% based on recovered (+)-30). Finally, all
protecting groups were removed by TBAF in THF,
followed, in turn, by selective TES protection of the
primary hydroxy group with TESCI and Et;N, oxidation

ﬁ @ 1) DMP[O]
H : .
HO—. Lef L oH 2) TiCl,, 28, PhH;
- H
DNaBH,  TBSO oTBS Ty then NaBH,CN
(-)-26 __ CeCl; (80%) HO in MeOH
2) TBSCI, KH, Me Me oTBS (77% yield, 96% yield based
18-crown-6 " on recovered (+)-30)
0, e
3 ngif_)H (+)-30 NOE analysis
) f (+)-30
(100%) of (+)-
oTBS OH
A\
\ \
1) TBAF, THF (100%)
OTBS ) TESCI, Et;N, DMAP, o o

CH.ClI,, (78%, 88% yield
based on recovered SM)

31 (89%)

Scheme 10. Reductive amination 2 and preparation of N-alkylindole (+)-11.

3) MnO,, CH,Cl,; HCI in EtOH

(+)-11
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(+)-DET,
Ti(O-i-Pr),,
tBuOOH,

4A-MS

(+)-11

(-)-DET,
Ti(O-i-Pr)y,
t-BuOOH,

4A-MS

Scheme 11. Oxidative ring closing reaction of (+)-11.

of indoline and allyl alcohols with MnO,, and acid
hydrolysis of TES ether, producing indole (+)-11'% in
69% yield from 31.

In the final stage, we attempted the oxidative ring-closure
reaction of (+)-11 under a modified Sharpless asymmetric
epoxidation protocol using (+)-diethyl tartrate (DET).
This yielded (+ )-madindoline A (+)-1 and (—)-madindo-
line B (—)-2 in 45% yield in a 2.2:1 ratio (Scheme 11). The
(—)-DET ligand was also attempted and produced (+)-1
and (—)-2 in 49% yield with 1:2.3 ratio. In the case of this
substrate, high diastereoselectivity was not observed. This
was presumably due to steric hindrance by the bulky
substitution on the nitrogen that interferes with the access of
the Sharpless catalyst to the reaction site.

The synthetic crystalline (+)-madindoline A (+)-1 was
identical in all respects with natural (+)-1 [400 MHz '"H
and 100 MHz *C NMR, IR, HRMS, optical rotation, mp,
mmp, and TLC]. Synthetic (—)-madindoline B (—)-2 was
also identical with natural (4 )-madindoline B (+)-2 in all
respects, except for the chiro;tical properties {[a]fy —82.3
(c 0.62 MeOH); natural, [a]3' +25.6 (¢ 0.3 MeOH)}. Thus,
(—)-madindoline B (—)-2 is the enantiomer of natural (+)-2.

Figure 4. ORTEP plot for synthetic (+)-1.
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OH C:)H

3aR :3aS
8aS (o) 8aR—0
N" H N"H
|/", + L’,
o o
(+)-1 (31%) (-)-2 (14%)

2.2 : 1
(+)-1 (15%) (-)-2 (34%)

1 : 2.3

Furthermore, confirmation of the relative and absolute
stereochemistry in (+)-1 and (+)-2 was achieved by single
crystal X-ray analysis of synthetic (+)-1?° as shown in
Figure 4. Based on these results, we were able to reveal the
absolute stereochemistries of madindolines as shown in
Figure 1, and show that these compounds are diastereomers
of the C2' position. In summary, the first asymmetric total
synthesis of madindolines A and B has been achieved via a
19 linear sequence in 7.8% overall yield from commercially
available materials.

2.6. Synthetic strategy of (+)-madindolines for the
second generation

As described above, we have achieved the first total
synthesis and determined the absolute stereochemistries of
madindoloines A and B. However, this first synthesis
requires too many steps, especially for construction of the
fully substituted cyclopentenedione core. In addition, the
final oxidative ring-closure is not highly stereoselective. In
this section, we report a more efficient and practical total
synthesis of (+)-madindolines A (+)-1 and B (+)-2. The
retrosynthesic analysis of the second generation is outlined
in Scheme 12.

The key reaction is the diastereoselective acylation of ester
34 with the o,B-unsaturated acid chloride 33. We predicted
that the lithium enolate of compound 34 would coordinate
with oxygen of the furan ring on the chiral 3a-hydroxy-
furoindoline to make a rigid conformation and that
diastereoselective acylation would occur, producing 32.
Further, at the final stage, we expected that intramolecular
acylation would occur with allylsilane compound 32,
directly yielding (+ )-madindolines A (+)-1 and B (+)-2.
The chiral 3a-hydroxyfuroindoline (—)-4 is available as an
enantiomerically pure substrate by asymmetric oxidative
ring-closure reaction of tryptophol 3, which was developed
in the first-generation synthesis.

2.7. Synthesis of N-alkyl-3a-hydroxyfuroindoline ester

First, we started with the known compound (+)-36>° to
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R‘0

Stereoselective

Acylatlon Acylation
o \\? -
3_\ 0
MS R2
(+)-madindoline A (+)-1; R'=n-Bu R?=Me R3
(+)-madindoline B (+)-2; R'=Me, R?=n-Bu 32; R3=n-Pr for (+)-1 33
R3=H for (+)-2
— R4o _ HO
R*0
o (0]
N A Reductive N H
H Metal \ o] N-alkylation H
4 - H _
Me 0 e (-)-4 (>99% ee)
H [ H OMe \rCOzMe .
O-C 2 OHCW/\ORS
L R? _

Enolate of 34

Scheme 12. Retrosynthetic analysis of (+ )-madindolines A and B.

synthesize the enantiomerically pure aldehyde (—)-35, thus
providing simple NMR spectra for all intermediates after the
reductive amination sequence (Scheme 13). Pivaloyl
protection of the hydroxy group of (+)-36 followed by
acid hydrolysis of the TBS protection furnished alcohol
(—)-37" in 84% yield for two steps. Next, (—)-37 was
oxidized under Swern conditions to produce aldehyde (—)-
35" in 93% yield without epimerization at the a-position.
For material advancement on large-scale synthesis, we also
prepared the racemic aldehyde (4)-35, because either
epimer will generate the same enolate at the enolation stage
of 34. Actually, (£)-35 was provided in high yield (76% for
two steps) from the commercially available diol (+)-38 via
mono pivaloyl protection and Swern oxidation.

Next, reductive amination®' of 3a-hydroxyfuroindoline
(—)-4 with aldehyde (—)-35 using acetic acid in dichloro-
ethane, followed by iminium reduction with sodium
triacetoxyborohydride®* provided the desired N-alkyl-3a-
hydroxyfuroindoline (—)-39'° in 63% yield on multi-gram
scale (Scheme 14). Silylation of the tertiary alcohol with
TBSOTT in the presence of 2,6-lutidine and hydrolysis of
the pivaloyl ester under basic conditions generated the

1) PivCl,pyridine

35

primary alcohol (—)-40." SOj3-Pyridine oxidation of (—)-
40 provided an aldehyde, followed by successive sodium
chlorite oxidation and esterification usmg TMS-
diazomethene furnished methyl ester (—)- 34" as a single
diastereomer and enantiomer in 75% overall yield for the
five steps. For material advancement, the same procedure
was applied for synthesis of a diastereomeric mixture of 34
starting from the racemic aldehyde (4)-35 and (—)-4,
which generated 34 in good yield.

2.8. Construction of the quaternary carbon center in a
model system

Reaction conditions to construct the required quaternary
carbon center were examined by coupling methacrolein 14,
a simple aldol partner, to the methyl ester (—)-34 for
confirming the selectivity and the generation of the enolate
of (—)-34, and the results are summarized in Table 2. To
establish the conditions to form a rigid enolate (Scheme 12),
we selected a few kinds of metal amines as the base. The
best result, high yield and high selectivity at the quaternary
carbon center was obtained using 2.5 equiv of LDA (entry
3). On the other hand, KDA as a base (entry 5) or LDA with

: DMSO, (COCI),, : .
TBSO OH HO OPiv == \x-~/2 OPiv
2) dil. HCl NN EtN, CH,Cl, OHC™ >~
(+)-36 (84% for 2 steps) (-)-37 (93%) (-)-35

H 0,
y Ova/ on 1) PIVCLEGN (83%) /%v oPiv
2)DMSO, (COC),, OHC

(£)-38 EtsN, CH,Cl,

(92%)

Scheme 13. Preparation of aldehyde 35.

@

)-35
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2,6-lutidine
(-)-35 (99%)
(-)-4 ° °
! AcOH, NaBH(OAc)s, N H 2) ag. KOH N H
(99%ee)  CH,CICH,CI
(63%)
PivO (-)-39 HO (-)-40
TBSO
1) 803'Py, Et3N
DMSO
2) NaClO,, o
NaH,PO,, N H
2-methyl-2-butene
(82% for 3 steps)
3) TMSCHN,
(92%) CO,Me
(-)-34
Scheme 14. Synthesis of methyl ester (—)-34.
HMPA (entry 6) did not match with this diastereoselective isomer®> in 72% vyield. For the synthesis of another

aldol reaction in both chelation ability of the metal and
basicity. In all cases, selectivity of the quaternary carbon
center was determined by '"H NMR measurements of the
oxidation product (—)-42."* Based on our hypothesis of the
enolate structure shown in Scheme 12, the configuration
shown in Table 2 is expected to be produced predominantly
as the stereochemistry of the quaternary center.

2.9. Preparation of allylsilane 33

Two kinds of allylsilanes (33a and 33b), were synthesized
by practical methods (Scheme 15) as building blocks for
(+)-1 and (+)-2. For a building block of(+) 2, alkylation
of 43 with 10d0methyltr1methylsﬂane followed by the
Wittig-Horner reaction®® with valeraldehyde led to the
corresponding unsaturated ester 44" as 3:1=Z:E isomeric
mixture in 82% yield for the two steps. Hydrolysis of ethyl
ester 44, followed by chlorination with thionyl chloride
generated (Z)-a.,B-unsaturated acyl chloride 33b as a single

allylsilane 33a, Michael addltlon of trimethylsilyllithium
to the ethyl 1-hexenoate 45, followed by aldol reaction of
the derived enolate with acetaldehyde produced the
B-hydroxyester 46'° in 72% yield as a diastereomeric
mixture. Mesylation of 46, followed by basic hydrolysis
resulted in the corresponding unsaturated acid, which was
treated with thionyl chloride to afford the (Z)-0.,B-unsatu-
rated acid chloride 33a as a single isomer> in 96% yield for
the three steps.

2.10. Diastereoselective acylation and completion of the
synthesis

The final stages of the synthesis involved diastereoselective
acylation of ester 34 carrying a 3a-hydroxyfuroindoline
moiety with the acyl chloride 33a—b and intramolecular
acylation promoted by allyl silane. The ester (—)-34 was
treated with 2.5 equiv LDA followed by treatment with acyl
chloride 33b to afford the desired compound (—)- 32bP asa

Table 2. Diastereoselective aldol reaction for the construction of the quaternary carbon center

TBSO TBSO TBSO
:N? ;H Base : ‘ ; Dess-Martin [O]
—_—
(98%)
COzMe
(-)-34
(-)-42
Entry Reagents (equiv) Temp. and time Results Selectivity to
(for enolation) quaternary center”
1 LDA (1.1) —78°C;2h No reaction —_
2 LDA (1.1) —78°C;30min 0°C; 1h Complex —
3 LDA (2.5) —78°C;2h 96%" 22:1
4 LTMP (2.5) —78°C;2h 95%" 17:1
5 KDA (2.5) —78°C;2h 37%" 2:1
6 LDA (2.5), HMPA —78°C; 2h 34%° 2:1

* Stereochemistry of the quaternary carbon was not determined, and the ratio of selectivity was elucidated by "H NMR measurements of the oxidized ketone

product of 41.
® Yields were based on pure materials isolated by chromatography on SiO,.
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CO,Et 1) NaH, DME ™S ) KOH V[TMS
TMSCH,!
— VoLl B g
(EtO),(O)P 2) Natt, DME MU Ncoet 2500, RS cocl
n-bu (72%, 2 steps)
43 (82%, 2 steps) 44 33b
(Z:E=3:1) (Only Z)
TMSLI, COEt n-Pr___TMS
-Pr then MeCH . 1) MsClI
Et0,c """ t;;/ )eC = o " 2; K(s)H J
(]
45 ™S 3) SOCl, coci
46 (96%, 3 steps) 33a
(Only Z)
Scheme 15. Preparation of allylsilanes.
BSO

2.5eq. LDA
>

33b
(99% as single
isomer)

()34 —|
(>99%ee)

2.5eq. LDA

33a
(88%, >11:1 for
selectivity of the
quaternary carbon
center)

32a

Scheme 16. The end games for total synthesis of (+)-madindolines A and B.

single isomer, in 99% yield (Scheme 16). The diastereo-
meric mixture of 34 for the a-methyl group, which was
prepared from racemic aldehyde (£ )-35 by the same route
as for (—)-34, was also subjected to this reaction, and
produced the desired (—)-32b as a single diastereomer in
99% yield. Finally, an intramolecular endo cyclization of
allylsilane (—)-32b using tris(dimethylamino)sulfur(tri-
methylsilyl)difluoride (TASF),”” directly led to (+)-
madindoline B (+)-2 in 56% yield. The synthetic (+)-2
was identical in all respects to a sample of the natural (+)-2
(IH and '>C NMR, IR, HRMS, optical rotation, mp and
mobility TLC). In addition, the absolute stereochemistry in
(+)-2 was confirmed by X-ray analysis of synthetic (+)-
2°% (Fig. 5).

On the other hand, in the total synthesis of (+ )-madindoline
A (+)-1, the stereoselective acylation of (—)-34 with acyl
chloride 33a predominantly (> 11:1 for selectivity of the
quaternary carbon center) afforded the desired compound
32a'’ in 88% yield. The diastereomeric mixture 34 also
gave the desired 32a under the same conditions. The
intramolecular endo cyclization of allylsilane 32a with
triphenyldifluorosilicate (TBAT)*® directly led to (+)-
madindoline A (+)-1 in 52% yield. The synthetic (+)-1
was also identical in all respects with a sample of the natural

TASF__  (+)-Madindoline B
DMF (+)-2

(56%)

TBAT _  (+)-Madindoline A
DMF (+)-1

(52%)

(+)-1 ("H and ">C NMR, IR, HRMS, optical rotation, mp
and mobility TLC).

Figure 5. ORTEP plot of synthetic (+)-2.



T. Hirose et al. / Tetrahedron 61 (2005) 6015-6039 6025

OH
ng
TH

Table 3. Deuteration of (—)-2

OH
ng
TH

conditions

D
D
A B
(-)-2

[PH]-(-)-2

Entry Reagents Temp. Time Deuteration rates® Recovered yield®
A-position B-position

1 NaOMe (20 equiv) in CD;0D It 7h 90% 71% 95%
2 NaOMe (70 equiv), D,O (50 equiv) in THF t 30 min — Complex
3 0.5 N NaOD in MeOH-D,0(3:5) It 22h 0% 49% 84%
4 1.0 N NaOD in MeOH-D,0(3:5) It 22 h 0% 43% 73%
5 0.5 N KOD in +-BuOH-D,0(3:5) rt 20h 86% 63% 71%

 The deuteration rate was determined by 'H NMR.

" The recovered yields were based on pure materials isolated by chromatography on SiO,.

2.11. Preparation of tritiated (+)-madindoline A
[HI-(+)-1

Since madindolines are nonpeptidal low-molecular specific
inhibitors of IL-6, studies on their action mechanism to IL-6
functions are expected to provide significant information
about IL-6 dependent diseases as well as possible
therapeutic uses of the compounds. After completion of
the total syntheses of madindolines, we attempted to prepare
of radioactively labeled madindoline A to facilitate the
studies on its mode of action.’

We tested deuteration of (—)-2 with D,O under a basic
condition, prior to the preparation of tritiated (+)-1 with
H,0. The results are summarized in Table 3.

The conditions providing the highest deuteration rate with a
good recovered yield were NaOMe in CD;OD or 0.5N
NaOH in +-BuOH-D,0 (entry 1 or 5). Therefore, we chose
the conditions of entry 5 to prepare the tritiated madindoline
A (PH]-(+)-1 442.8 Mb/mmol) as shown in Scheme 17. In
our recent paper,” we revealed the binding site of (+)-1 in
the comglex of gp130, IL-6 and IL-6 receptor (IL-6R) by the
use of ["H]-(+)-1. IL-6 has three topological binding sites
(sites I, II, and III),40‘42 whereas gpl130 has two binding
sites (sites 1 and 2).43’44 IL-6 binds to the IL-6R via its site I

t-BuOK

rt,20h

(+)-madindoline A

Scheme 17. Preparation of [*H]-(+)-madindoline A.

—_—
[H],0, t-BuOH

and then to gp130 site 2 via site II, forming a trimeric IL-6/
IL-6R/gp130 complex.*’ The trimeric complex then induces
homodimerization of gpl30 and forms a hexameric
complex. We found that (+)-1 binds to gp130 and inhibits
the actions of IL-6 activity without inhibiting the formation
of the IL-6/IL-6R/gp130 complex.’

2.12. Conclusion

In summary, in the first-generation synthesis, we completed
the first asymmetric total synthesis of madindolines A and B
via an efficient and convergent strategy (19 linear steps,
7.8% overall yield). The synthetic route not only provides
access to these unique natural products, but also enabled us
to define their relative and absolute stereochemistries for the
first time. In the second-generation synthesis, we achieved a
highly convergent total synthesis of (+)-madindolines A
and B by exploiting the 3a-hydroxyfuroindoline function to
permit rapid and efficient construction of the quaternary
carbon center of madindolines with high selectivity.
Importantly, the syntheses of (+)-1 and 2 are highly
efficient, proceeding in 16 and 19% overall yield for nine
linear steps, respectively, stereocontrolled, and amenable to
gram-scale production.

We also confirmed that synthetic (+ )-madindoline A (+)-1

(+)-madindoline A (442.8 Mb/mmol)
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markedly inhibited osteoclastogenesis in vitro and inhibited
bone resorption in OVX mice in vivo, and the use of tritiated
[H]-(+)-madindoline A revealed the mode of action for
manifestation of inhibitory activity.” We believe that
madindolines can serve as lead compounds for development
of new drugs to treat refractory diseases known to involve
IL-6.

3. Experimental
3.1. General

Dry THF, toluene, ethyl ether and CH,Cl, were purchased
from Kanto Chemical Co. Precoated silica gel plates with a
fluorescent indicater (Merck 60 F254) were used for
analytical and preparative thin layer chromatography.
Flash column chromatography was carried out with Merk
silica gel 60 (Art. 1.09385). 'H and '>C NMR spectra were
measured on JEOL JNM-EX270 (270 MHz) or Varian
VXR-300 (300 MHz) or Varian XL-400 (400 MHz) or
Varian UNITY-400 (400 MHz). All infrared spectra were
measured on a Horiba FT-210 spectrometer. Melting points
were measured on a Yanagimoto Micro Melting Apparatus.
High- and low-resolution mass spectra were measured on a
JEOL JMS-DX300 and JEOL JMS-AX505 HA spec-
trometer. Elemental analysis data were measured on a
Yanaco CHN CORDER MT-5. Single crystal X-ray spectra
were measured on a Rigaku Automatic Four Cricle
Diffractometer: AFC-5S. Melting points were measured
on a Yanagimoto Micro Apparatus. Liquid chromatographic
preparation was conducted on a Jasco PU-980 with Senshu
Pak-PEGASIL ODS.

3.2. First generation synthesis

3.2.1. Asymmetric synthesis of (—)-3a-hydroxyfuroindo-
line (—)-4. 70 mg scale. To a mixture of activated 4 A
molecular sieves (300 mg) in CH,Cl, (42.5 ml) at —5 °C
was added titanium(IV) isopropoxide (128 pul, 0.44 mmol)
and (+)-diisopropyl tartrate (111 pl, 0.52 mmol) and the
mixture was stirred for 30 min. The solution was cooled to
—20 °C and stirred. After 30 min, fert-butylhydroperoxide
(5.0 M in decane, 217 pl, 1.09 mmol) was added dropwise
over 5 min, and the resulting mixture was stirred for 15 min
at —20 °C. A solution of 3 (70 mg, 0.44 mmol) in CH,Cl,
(1.0 ml) was then added to reaction mixture over 5 min.
After stirring for 6 h (all SM was consumed completely at
this time), the reaction mixture was quenched with Et,O
(6 ml) and saturated aqueous Na,SO,4 (0.5 ml), warmed to
room temperature and stirred 2 h further. The resultant
mixture was filtered through a celite, washing with CHCl3
(3X10ml). Preparative TLC (hexane/EtOAc=2:3)
furnished (—)-4 (53 mg, 0.30 mmol, 72% yield, 99% ee)
as a colorless needle.

7.5 g scale. To a mixture of activated 4 A molecular
sieves (9.0 g) in CH,Cl, (411 ml) at —5°C was added
titanium(I'V) isopropoxide (24.7 ml, 83.7 mmol) and (+)-
diisopropyl tartrate (19.8 ml, 93.1 mmol) and the mixture
was stirred for 30 min. The reaction flask was equipped with
—40°C cooled bath and stirred. After 30 min, tert-
butylhydroperoxide (5.0 M in decane, 23.3 ml, 116 mmol)

was added dropwise over 5 min, and the resulting mixture
was stirred for 15 min at —40 °C. A solution of 3 (7.5 g,
46.5 mmol) in CH,Cl, (54 ml) was then added to reaction
mixture over 5 min. After stirring for 1.5 h, the reaction
mixture was quenched with Et;O (315 ml) and saturated
aqueous Na,SO, (26.2 ml), warmed to 30 °C with water
bath and stirred 2 h further. At this time, SM was not
consumed completely, and it was not recovered from
reaction mixture. The resultant mixture was filtered through
a celite, washing with Et;0 (3X11), and the filtrate was
concentrated to give crude oil. Flash chromatography (only
CHCl;) furnished (—)-4 (4.5 g, 25.4 mmol, 55% yield,
99% ee) as a colorless needle: mp 65-67 °C; [a]12)5 —144 (¢
0.84, CHCl,); IR (KBr) 3435 (s), 3366 (m), 1614 (m), 1473
(m)cm ™ '; '"H NMR (400 MHz, CDCl3) 6 7.29 (ddd, J=
7.5, 1.5, 0.5 Hz, 1H), 7.12 (ddd, J=8.0, 7.2, 1.5 Hz, 1H),
6.80 (ddd, J=7.5, 7.2, 1.0 Hz, 1H), 6.59 (ddd, J=8.0, 1.0,
0.5 Hz, 1H), 5.34 (s, 1H), 4.56 (broad s, 1H), 4.01 (ddd, /=
9.0, 7.5, 2.5 Hz, 1H), 3.63 (ddd, /=11.0, 9.0, 5.5 Hz, 1H),
2.70 (broad s, 1H), 2.42 (ddd, J=12.0, 11.0, 7.5 Hz, 1H),
2.32 (ddd, J=12.0, 5.5, 2.5 Hz, 1H); '*C NMR (100 MHz,
CDCl3) 6 149.5, 130.3, 130.1, 124.1, 119.8, 109.5, 99.4,
89.3, 67.3,40.8, HRMS (EI) m/z 177.0783 [(M) ", Calcd for
C10H11N02: 1770790], Anal. Calcd for C10H11N02: C,
67.78; H, 6.26; N. 7.91, Found: C, 67.46; H, 6.31; N. 7.70.

3.2.2. N-Methyl-3a-hydroxyfuroindoline. At room tem-
perature, (—)-4 (100 mg, 0.57 mmol) was diluted Mel- THF
(1/2 v/v, 2.8 ml) and the mixture was warmed to 40 °C and
stirred for 13 h. The resultant mixture was concentrated to
afford crude products. Preparative TLC (hexane/EtOAc =
1:2) furnished N—methy1—3a—hgdroxyfuroindoline (14 mg,
13% yield) as a brown oil: [a]zD —85.5(c 1.12, CHCl3); IR
(KBr) 3413, 1612, 1495cm™'; '"H NMR (270 MHz,
CDCl3) 6 7.27 (ddd, J=7.6, 1.3, 0.7 Hz, 1H), 7.21 (ddd,
J=8.0, 7.2, 1.3 Hz, 1H), 6.73 (ddd, J=7.6, 7.2, 1.0 Hz,
1H), 6.43 (ddd, /=8.0, 1.0, 0.7 Hz, 1H), 5.20 (s, 1H), 4.08,
3.61 (m, each 1H), 2.92 (s, 3H), 2.45, 2.32 (m, each 1H); 1°C
NMR (67.5 MHz, CDCl3) 6 150.9, 130.4, 130.2, 123.6,
117.7, 105.9, 104.9, 87.8, 67.4, 41.1, 31.2; HRMS (FAB,
NBA, PEG200 matrix) m/z: 192.1019 [(M+H) ™", Calcd for
C11H1402N: 1921025]

3.2.3. 3a-[(S)-a-Methoxy-a-trifluoromethylphenyl-acet-
oxy]-N-methylfuroindoline (—)-5. At room temperature a
solution of N-methyl-3a-hydroxyfuroindoline (10 mg,
0.053 mmol) in THF (1.1 ml) was treated with (S)-(—)-a-
methoxy-o-(trifluoromethyl)-phenylacetic acid (31 mg,
0.13 mmol) and dicyclohexylcarbodiimide (66 mg,
0.32 mmol). A white precipitate formed immediately. The
resultant mixture was warmed to 80 °C, stirred for 4.5 h,
quenched with H,O (3 ml), and extracted with dichloro-
methane (3 X5 ml). The combined extracts were dried over
sodium sulfate, filtered and concentrated. Preparative TLC
(2/1 = hexanes/EtOAc) gave (—)-5 (11 mg, 51% yield) as a
light yellow crystal: mp: 100-102°C (CHCls); [a]d'
—143.0 (¢ 1.07, CHCl3); IR (KBr) 1747, 1612, 1495,
1454 cm™'; '"H NMR (270 MHz, CDCl;) 6 7.43-7.33
(complex m, 5SH), 7.23 (t, J=7.6 Hz, 1H), 7.22 (d, J=
7.6 Hz, 1H), 6.88 (t, J=7.6 Hz, 1H), 6.47 (d, J=7.6 Hz,
1H), 5.60 (s, 1H), 4.06, 3.59 (m, each 1H), 3.51 (s, 3H), 2.99
(s, 3H), 2.63 (m, 2H); HRMS (FAB, NBA, PEG400 matrix)
mlz: 407.1342 [M) ™, Caled for CyHy0O4NF5: 407.1344].
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3.2.4. N-Isopropyl-3a-hydroxyfuroindoline (—)-6. At
0°C, a solution of (—)-4 (25mg, 0.14 mmol) and
isobutylaldehyde (64 pl, 0.14 mmol) in EtOH (0.21 ml)
was treated with AcONa (58 mg, 0.71 mmol) and AcOH
(0.11 ml), then added NaBH;CN (151 mg, 2.4 mmol,
portionwise over 30 min), and the resultant mixture was
stirred for 20 min. The reaction was quenched with
saturated aqueous NaHCO; (2.5 ml). The resultant mixture
was extracted with CHCl; (3X6 ml) and the combined
extracts were dried over Na,SQy, filtered and concentrated.
Preparative TLC (hexane/EtOAc=1:1) provided (—)-6
(21 mg, 62% yield) as a light brown solid and N-isobutyl-
indole (7.9 mg, 26%) as a light brown oil. (—)-6: mp: 53—
55°C (CHCL); [a]® —96.3 (¢ 0.60, CHCl;); IR (KBr)
3392, 1610, 1489, 1466 cm ~'; "H NMR (270 MHz, CDCl3)
0727 (d, J=17.6 Hz, 1H), 7.17 (t, J=7.6 Hz, 1H), 6.70 (t,
J=7.6 Hz, 1H), 6.44 (d, J="7.6 Hz, 1H), 5.23 (s, 1H), 4.03,
3.59 (m, each 1H), 3.11 (dd, /=14.2, 7.9 Hz, 1H), 2.99 (dd,
J=14.2, 6.9 Hz, 1H), 2.44, 2.32 (m, each 1H), 2.21 (s, 1H),
2.06 (m, 1H), 0.96, 0.94 (d, J=6.6 Hz, each 3H); '*C NMR
(67.5 MHz, CDCl3) 6 151.2, 130.3, 129.8, 123.7, 117.3,
105.9, 104.6, 87.9, 67.0, 53.8, 41.3, 28.0, 20.5, 20.4; HR-
MS (FAB, NBA, PEG200 matrix) m/z: 233.1416 [(M) T,
Calcd for C4H;9O,N: 233.1416]; N-isobutylindole: IR
(KBr) 3400, 1468, 1481 cm™'; '"H NMR (270 MHz,
CDCl3) 6 7.61 (dd, /=79, 1.0Hz, 1H), 7.32 (d, J=
8.2 Hz, 1H), 7.22 (ddd, J=8.2, 7.3, 1.0 Hz, 1H), 7.11 (dd,
J=179, 7.3 Hz, 1H), 6.97 (s, 1H), 3.90 (t, J=6.3 Hz, 2H),
3.88 (d, J=7.3 Hz, 2H), 3.03 (t, J=6.3 Hz, 2H), 2.19 (m,
1H), 0.93 (d, J=6.6 Hz, 6H); '*C NMR (67.5 MHz, CDCl;)
0 136.8, 127.8, 126.9, 121.5, 118.9, 118.8, 110.3, 109.7,
62.7, 54.0, 29.5, 28.7, 20.3, 20.3; HR-MS (FAB, NBA,
PEG200 matrix) m/z: 217.1464 [(M)™*, Calcd for
Ci4H19oON: 217.1467].

3.2.5. N-Neopentyl indole 7. At 0 °C, a solution of (—)-4
(23 mg, 0.13 mmol) and pivalaldehyde (70 pl, 0.65 mmol)
in EtOH (0.21 ml) was treated with AcONa (53 mg,
0.65 mmol) and AcOH (0.11 ml), then added NaBH;CN
(138 mg, 2.2 mmol, portionwise over 30 min), and the
resultant mixture was stirred for 20 min. The reaction was
quenched with saturated aqueous NaHCOs5; (2.5 ml). The
resultant mixture was extracted with CHCl; (3 X6 ml) and
the combined extracts were dried over Na,SQy, filtered and
concentrated. Preparative TLC (hexane/EtOAc=1:1) pro-
vided 7 (24 mg, 80% yield) as a light yellow oil: IR (KBr)
3415, 3055, 1466, 1481 cm ™~ '; "TH NMR (270 MHz, CDCl;)
0 7.61 (dd, J=17.9, 1.3 Hz, 1H), 7.35 (dd, /=28.3, 1.0 Hz,
1H), 7.22 (ddd, /=8.3, 6.9, 1.3 Hz, 1H), 7.11 (ddd, J=7.9,
6.9, 1.0 Hz, 1H), 6.97 (s, 1H), 3.90 (dd, /=6.6, 6.3 Hz, 2H),
3.87 (s, 2H), 3.04 (dd, J=6.6, 6.3 Hz, 2H), 1.24 (broad s,
1H), 1.02 (s, 9H); '*C NMR (67.5 MHz, CDCls) 6 137.7,
128.1, 127.4, 121.5, 118.7, 118.6, 110.3, 110.3, 62.7, 57.7,
34.3, 28.6, 28.2; HREIMS m/z: 231.1637 [(M)*, Calcd for
C|5H2]NO: 2311623], Anal. Calcd for C15H21NOZ C,
77.88; H, 9.15; N, 6.06. Found: C, 77.50; H, 9.11; N, 6.13.

3.2.6. Reductive amination of 3. A solution of 3 (33 mg,
0.20 mmol) and pivalaldehyde (67 ul, 0.61 mmol) in
benzene (10.3 ml) was treated with p-TsOH-H,O (12 mg,
0.61 umol), warmed to 95 °C, and stirred for 10 min. The
solution was then cooled to room temperature and
concentrated. The crude mixture was dissolved in dry

MeOH (2.0 ml), and added bromocresol green (2 mg) and
NaBH3;CN (39 mg, 0.61 mmol) at room temperature. pH
was kept below 4 by addition of concd HCI solution while
stirring. After stirring for 2 h, the reaction mixture was
cooled to room temperature, and concentrated to give crude
products. The mixture was diluted with CHCI; (20 ml), 5%
KOH aq solution (4 ml) and H,O (7 ml), and stirred. The
organic layer was separated, and aqueous layer was
extracted with CHCl3 (3X25 ml). The combined organic
layers were dried over Na,SO,, filtered, and concentrated.
Preparative TLC (hexane/EtOAc=2:1) provided 7 (10 mg,
22% yield) as a light yellow oil and 8 (15 mg, 29%) as a
light yellow oil. Compound 8. "H NMR (270 MHz, CDCl5)
0 7.84 (broad s, 1H), 7.54 (dd, J=7.6, 1.3 Hz, 1H), 7.36 (dd,
J=17.6, 1.3 Hz, 1H), 7.19 (ddd, J=7.6, 6.9, 1.3 Hz, 1H),
7.13 (ddd, J=17.6, 6.9, 1.3 Hz, 1H), 4.50 (s, 1H), 3.65, 4.29
(m, each 1H), 2.68, 2.95 (m, each 1H), 1.24 (s, 1H), 1.11 (s,
9H); '*C NMR (67.5 MHz, CDCl5) 6 136.1, 134.0, 127.2,
122.1,119.9,118.6,111.2, 81.6, 65.5, 46.4, 36.6, 26.8, 23.1.

3.2.7. 3-(2-Hydroxyethyl)-indoline 9. A solution of 2-(3-
indole)-ethanol 3 (1.00 g, 6.21 mmol) in acetic acid
(36.5ml) was cooled to 0°C and NaBH;CN (1.95 g,
31.0 mmol) was added. The reaction mixture was warmed
to room temperature, stirred for 3.5 h, and then quenched
with H,O (150 ml) and NaHCO5 (50 g). The mixture was
extracted with CHCl; (3X200 ml) and the combined
extracts were dried over Na,SQy, filtered and concentrated.
Flash chromatography (1.0% MeOH/CHCl;) provided 9
(1.01 g, 6.20 mmol, 100% yield) as a brown oil: IR (KBr)
3338 (s), 3049 (s), 1606 (s), 1487 (m), 1464 (m) cm ™ '; 'H
NMR (270 MHz, CDCl3) 6 7.10 (d, J=7.9 Hz, 1H), 7.06
(dd,J=7.9,7.3 Hz, 1H), 6.76 (dd, J=7.6, 7.3 Hz, 1H), 6.68
(d, J=7.6 Hz, 1H), 3.74-3.55 (complex m, 2-H, 3H), 3.44
(m, 1H), 3.28 (dd, J=8.6, 5.9 Hz, 1H), 3.10 (bs, 1H), 2.09
(m, 1H), 1.79 (m, 1H); >*C NMR (67.5 MHz, CDCl5) 6
151.0, 132.4, 127.5, 124.0, 119.1, 109.9, 60.6, 53.5, 39.0,
37.0; HRMS (EI) m/z: 163.0998 [M " ; Calcd for C;oH;3NO:
163.0997]; Anal. Calcd for C;oH;3NO: C, 73.59; H, 8.03; N,
8.58. Found: C, 73.94; H, 8.05; N, 8.41.

3.2.8. N-(2,2-Dimethylpropyl)-3-(2-hydroxyethyl)-indo-
line 10. At 0 °C, to a solution of 9 (249 mg, 1.52 mmol),
pivalaldehyde (55 ul, 0.51 mmol) and Phi;P (73 mg,
0.28 mmol) in benzene (2.5 ml) was added TiCl, (1.0 M
in toluene, 278 pl, 0.28 mmol). The solution was stirred for
1h, and the mixture was then added to a solution of
NaBH3;CN (96 mg, 1.52 mmol) in methanol (5.1 ml) and
stirred for 1 h. The solution was quenched with H,O (10 ml)
and 5% KOH aq solution (8 ml), extracted with CHCI; (3 X
25 ml) and the combined extracts were dried over Na,SO,,
filtered and concentrated. Flash chromatography (6%
EtOAc/hexanes) provided 10 (105 mg, 89% yield based
on pivalaldehyde) as a yellow oil: IR (KBr) 3373, 3050,
1606, 1489, 1460 cm™'; 'H NMR (270 MHz, CDCl;) 6
7.09 (1H, dd, J=7.9, 7.3 Hz, 1H), 7.07 (1H, d, J=7.6 Hz,
1H), 6.67 (1H, td, J=7.6, 7.3 Hz, 1H), 6.47 (1H, d, J=
7.9 Hz, 1H), 3.73 (m, 2H), 3.62 (td, J=38.9, 8.6 Hz, 1H),
3.39 (m, 1H), 3.23 (1H, dt, J=8.6, 6.3 Hz, 1H), 2.79 (s,
1H,), 2.10, 1.83 (m, each 1H), 1.00 (s, 9H); '*C NMR
(67.5 MHz, CDCl3) 6 153.9, 132.3, 127.9, 123.7, 117.2,
106.9, 64.0, 63.7, 61.1, 38.0, 37.5, 34.1, 28.4; HREIMS m/z:
233.1788 [M] ™", Calcd for C;5H,3NO: 233.1780 [M]; Anal.
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Calcd for C;sH,3NO: C, 77.21; H, 9.93; N, 6.00. Found: C,
76.98; H, 9.67; N, 6.12.

3.2.9. N-(2,2-Dimethylpropyl)-3-(2-hydroxyethyl)-indole
7. At room temperature a solution of 10 (171 mg,
0.73 mmol) in CH,Cl, (14.7 ml) was treated with manga-
nese(IV) dioxide (868 mg, 10.0 mmol), and the solution was
sonicated (38 kHz) for 2h. The reaction mixture was
filtered and concentrated. The flash chromatography (6%
EtOAc/hexanes) afforded 7 (168 mg, 99% yield) as a yellow
oil.

3.2.10. [(2S,3R),45]-3-(3-Hydroxy-2-methyl-4-methyl-
ideneoctanoyl)-4-isopropyl-2-oxazolidinone. To a
solution of imide (+)-17 (107 mg, 0.58 mmol) in CH,Cl,
(1.2 ml) at —78 °C was added Et;N (137 ul, 0.98 mmol),
followed by n-Bu,BOTf (1.0M in CH,Cl,, 870 pl,
0.87 mmol). The solution was stirred for 1 h at —78 °C
and for 45 min at 0 °C. After the solution was recooled to
—78 °C, 2-butylacrolein (1.0 M in CH,Cl,, 750 ul,
0.75 mmol) was added. The reaction mixture was warmed
to 0 °C, stirred for 45 min, and then quenched with methanol
(4.5 ml), pH 7.0 phosphate buffer (1.5 ml) and 30% aqueous
H,0, (0.45 ml), and stirred for 20 min further. The resultant
mixture was extracted with CHCIl; (3X6 ml) and the
combined extracts were dried over Na,SQ,, filtered and
concentrated. Flash chromatography (20% EtOAc/hexanes)
provided [(2S5,3R),4S5]-3-(3-hydroxy-2-methyl-4-methyl-
ideneoctanoyl)-4-isopropyl-2-oxazolidinone (139 mg, 81%
yield) as a colorless solid: [a]d +49.1 (¢ 1.29, CHCly); IR
(KBr) 3496, 1782 cm™'; '"H NMR (270 MHz, CDCl5) ¢
5.18, 4.98 (s, each 1H), 4.46 (m, 1H), 4.42 (bs, 1H), 4.28
(dd, J=17.2, 9.2 Hz, 1H), 4.22 (dd, /=9.2, 3.0 Hz, 1H),
3.96 (dq, /=6.9, 3.0 Hz, 1H), 3.10 (bs, 1H), 2.35 (m, 1H),
1.98 (m, 2H), 1.38 (m, 4H), 1.18 (d, /= 6.9 Hz, 3H), 0.92 (d,
J=6.9 Hz, 3H), 0.90 (t, J="7.3 Hz, 3H), 0.88 (d, /=6.9 Hz,
3H); '>C NMR (67.5 MHz, CDCls) 6 177.7, 153.4, 147.9,
110.5, 72.8, 63.4, 58.3, 40.1, 32.5, 30.1, 28.3, 22.5, 17.9,
14.7, 13.9, 10.5; HRMS (FAB, NBA, Nal matrix) m/z:
320.1840 [(M+Na) ™, Calcd for C,¢H,,0,NNa: 320.1838].

3.2.11. (2S,3R)-3-Hydroxy-2-methyl-4-methylidene-
octanoic acid methyl ester (—)-15. A solution of
[(2S,3R),4S5]-3-(3-hydroxy-2-methyl-4-methylidene-
octanoyl)-4-isopropyl-2-oxazolidinone (20 mg, 0.0068 mmol)
in methanol (0.68 ml) was cooled to 0°C and sodium
methoxide (4.1 mg, 0.075 mmol) was added. The reaction
mixture was stirred for 15 min at 0 °C and quenched with
saturated aqueous NH4Cl (2 ml). The mixture was then
extracted with CHCl; (3X5 ml) and the combined extracts
were dried over Na,SQ,, filtered and concentrated. Flash
chromatography (5% EtOAc/hexanes) provided (—)-15
(12 mg, 91% yield) as a colorless liquid: [oz]zD4 —8.1(c1.21,
CHCL;); IR (KBr) 3485, 1736, 1647 cm™!; 'H NMR
(270 MHz, CDCl3) 6 5.13, 4.96 (s, each 1H), 4.45 (bs,
1H), 3.71 (s, 3H), 2.69 (m, 1H), 2.47 (bs, 1H), 1.98 (m, 2H),
1.40 (m, 4H), 1.12 (d, J=7.3 Hz, 3H), 091 (t, J=7.3 Hz,
3H); '*C NMR (67.5 MHz, CDCl5) 6 176.2, 148.3, 110.3,
73.9,51.8, 42.3, 32.1, 29.9, 22.4, 13.9, 10.1.

3.2.12. [(1§),2R,3R]-3-Hydroxy-2-(1-hydroxy-2-methyl-
2-propenyl)-2-methyl-4-methylideneoctanoic  acid
methyl ester (13). To a solution of LHMDS (1.0 M in

THF, 0.48 ml, 0.48 mmol) at —78 °C was added (—)-15
(42 mg, 0.21 mmol) in THF (0.42 ml) over 15 min. The
solution was warmed to —20 °C and stirred for 30 min.
After the solution was recooled to —78 °C, methacrolein
(52 pl, 0.62 mmol) was added. The reaction was stirred for
12min at —78°C and then quenched with saturated
aqueous NH4Cl (2.0 ml), warmed to room temperature
and stirred 5 min further. The resultant mixture was
extracted with EtOAc (3 X8 ml) and the combined extracts
were dried over Na,SQ,, filtered and concentrated. Flash
chromatography (25% EtOAc/hexanes) furnished 13
(30 mg, 54% yield, 96% based on recovered (—)-15) as a
colorless oil and recovered (—)-15 (18 mg, 44%). For main
product of 13: IR (KBr) 3467, 1697, 1643 cm ™ '; '"H NMR
(270 MHz, CDCls) 0 5.03, 5.01 (s, each 1H), 4.97, 4.93 (s,
each 1H), 4.39 (d, J=5.6 Hz, 1H), 4.25 (d, /=6.6 Hz, 1H),
3.73 (s, 3H), 3.72 (bd, /J=5.6 Hz, 1H), 3.33 (bd, /J=6.6 Hz,
1H), 2.11, 1.93 (m, each 1H), 1.67 (s, 3H), 1.31 (m, 4H),
0.97 (s, 3H), 0.89 (t, J=6.9 Hz, 3H); '*C NMR (67.5 MHz,
CDCl5) 6 177.1, 148.7, 143.6, 115.7, 113.6,79.9, 79.2, 53.1,
52.2,32.1, 30.6, 22.5, 18.4, 14.9, 14.0; HRMS (FAB, NBA,
PEG 200 matrix) m/z: 271.1911 [(M+H)", Calcd for
C15H2704: 271.1 909]

3.2.13. [(25,3R),45]-3-(3-Hydroxy-2-methyl-4-pente-
noyl)-4-isopropyl-2-oxazolidinone. To a solution of
imide (+)-17 (100 mg, 0.541 mmol) in CH,Cl, (1.1 ml)
at —78 °C was added Etz;N (90.6 ul, 0.650 mmol), followed
by n-Bu,BOT{ (1.0 M in CH,Cl,, 596 pl, 0.596 mmol). The
solution was stirred for 1 h at —78 °C and for 45 min at
0°C. After the solution was recooled to —78 °C, 90%
acrolein (52.3 pul, 0.704 mmol) in CH,Cl, (0.70 ml) was
added. The reaction mixture was stirred for 30 min at
—78 °C and then quenched with methanol (1.1 ml), pH 7.0
phosphate buffer (1.2 ml) and 30% aqueous H,O, (0.6 ml),
warmed to 0 °C and stirred 20 min further. The resultant
mixture was extracted with CHCIl; (3X10ml) and the
combined extracts were dried over Na,SQ,, filtered and
concentrated. Flash chromatography (20% EtOAc/hexanes)
provided [(2S,3R),45]-3-(3-hydroxy-2-methyl-4-pente-
noyl)-4-isopropyl-2-oxazolidinone (116.6 mg, 0.484 mmol,
89% yield) as a colorless solid: mp 42—44 °C; [a]F +125.0
(c 0.74, MeOH); IR (KBr) 3453 (s), 1780 (s), 1697 (S), 1387
(s), 1302 (m), 1230 (s), 1205 (s), 989 (m) cm ™~ '; '"H NMR
(270 MHz, CDCls) ¢ 5.81 (ddd, J=17.2, 10.6, 5.3 Hz, 1H),
5.31 (dd, J=17.2, 1.7 Hz, 1H), 5.18 (dd, /J=10.6, 1.7 Hz,
1H), 4.45 (m, 2H), 4.26 (dd, J=13.5, 9.2 Hz, 1H), 4.19
(dd, J=9.2, 3.3 Hz, 1H), 3.85 (dq, /=7.3, 3.6 Hz, 1H),
3.05 (bs, 1H), 2.32 (m, 1H), 1.21 (d, J=7.3 Hz, 3H), 0.90
(d, J=7.3 Hz, 3H), 0.86 (d, J=6.9 Hz, 3H); *C NMR
(67.5 MHz, CDCl3) 6 176.9, 153.5, 137.3, 116.1, 72.2, 63.3,
58.2, 42.4, 283, 17.8, 14.2, 11.2; HRMS (FAB, NBA
matrix) mfz 242.1393 [M+H); Calcd for C;,HoqO4N:
242.1392]. Anal. Calcd for C;,H904N: C, 59.73; H, 7.94,
N, 5.81. Found: C, 59.51; H, 7.82; N, 5.80.

3.2.14. (2S,3R)-3-Hydroxy-2-methyl-4-pentenoic acid
methyl ester (+)-20. To a solution of [(2S,3R),45]-3-(3-
hydroxy-2-methyl-4-pentenoyl)-4-isopropyl-2-oxazolidi-
none (3.99 g, 16.6 mmol) in methanol (166 ml) at 0 °C was
added sodium methoxide (984 mg, 18.2 mmol). The reac-
tion mixture was stirred for 30 min at 0 °C and quenched
with saturated aqueous NH4Cl (100 ml). The mixture was
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then extracted with CHCI; (3 X300 ml) and the combined
extracts were dried over Na,SQy, filtered and concentrated.
Flash chromatography (6.7% EtOAc/hexanes) provided
(+)-20 (2.07 g, 144 mmol, 87% yield) as a colorless
liquid: [e]3 +30.0 (¢ 0.94, MeOH); IR (KBr) 3434 (s),
2929 (s), 1728 (m), 1639 (m), 1461 (m), 1105 (m) cm ™ '; 'H
NMR (270 MHz, CDCl3) 6 5.82 (ddd, J=17.2, 10.6,
5.6 Hz, 1H), 5.32 (dd, J=17.2, 1.3 Hz, 1H), 5.19 (dd, J=
10.6, 1.3 Hz, 1H), 4.39 (m, 1H), 3.69 (s, 3H), 2.72 (bs, 1H),
2.63 (dq, J=17.3, 4.3 Hz, 1H), 1.16 (d, J=17.3 Hz, 3H); "°C
NMR (67.5 MHz, CDCl3) 6 116.3, 137.3, 175.7, 11.2, 44.6,
51.3, 73.1.

3.2.15. [(1R),2S5,3¢]-3-Hydroxy-2-(1-hydroxy-2-pro-
penyl)-2,4-dimethyl-4-pentenoic acid methyl ester (21).
To a solution of LHMDS (1.0M in THF, 1.68 ml,
1.68 mmol) at —78 °C was added (+)-20 (121 mg,
0.842 mmol) in THF (1.68 ml) over 15 min. The solution
was warmed to —20 °C and stirred for 30 min. After the
solution was recooled to —78 °C, methacrolein (83.6 pl,
1.01 mmol) in THF (1.68 ml) was added. The reaction was
stirred for 12 min at —78 °C and then quenched with
saturated aqueous NH4Cl (5.0 ml), warmed to room
temperature and stirred 5 min further. The resultant mixture
was extracted with EtOAc (3X 15 ml) and the combined
extracts were dried over Na,SQ,, filtered and concentrated.
Flash chromatography (33% EtOAc/hexanes) furnished 21
(126 mg, 0.589 mmol, 70% yield, 97% based on recovered
(+)-20 and recovered (+)-20 (33.5 mg, 0.233 mmol,
28%).

3.2.16. Isopropylidene acetal (+)-22a—c. To a solution of
21 (109 mg, 0.509 mmol) and camphorsulfonic acid
(59.1 mg, 0.254 mmol) in CH,Cl, (5.1 ml) at 0°C was
added 2-methoxypropene (146 pl, 1.53 mmol). The reaction
mixture was stirred for 15 min at 0 °C and quenched with
saturated aqueous NaHCOj (2.5 ml). The mixture was then
extracted with CHCl; (3 X 10 ml) and the combined extracts
were dried over Na,SQ,, filtered and concentrated. Flash
chromatography (1.0% EtOAc/hexanes) provided (+)-22¢
(14.1 mg, 0.0555 mmol, 11% yield) as a colorless liquid,
(1.0% EtOAc/hexanes) provided (+)-22b (22.6 mg,
0.0890 mmol, 18% yield) as a colorless liquid and (5.0%
EtOAc/hexanes) provided (+)-22a (70.1 mg, 0.276 mmol,
54% yield) as a colorless liquid. (+)-22c: (a5 +65.3 (¢
1.16, MeOH); IR (KBr) 2929 (m), 1730 (s), 1643 (m), 1381
(m), 1225 (s), 1016 (m), 989 (m)cm '; 'H NMR
(400 MHz, CDCl3) 6 5.66 (ddd, J=17.4, 10.7, 5.8 Hz,
1H), 5.26 (d, J=17.4 Hz, 1H), 5.16 (d, J=10.7 Hz, 1H),
5.03 (s, 1H), 4.98 (d, J=5.8 Hz, 1H), 4.90 (s, 1H), 3.91 (s,
1H), 3.63 (s, 3H), 1.74 (s, 3H), 1.47 (s, 3H), 1.39 (s, 3H),
1.20 (s, 3H); "*C NMR (100 MHz, CDCl5) 6 173.7, 142.1,
133.9,116.6,112.9,101.7,79.2,72.8, 54.4,51.6, 24.7, 23 4,
20.4, 17.0,; MS (FAB, NBA matrix) m/z 255 [M+H]™.
(+)-22b: [a]5 +59.4 (¢ 0.67, MeOH); IR (KBr) 2933 (m),
1732 (s), 1647 (m), 1381 (w), 1225 (s), 1095 (m), 991
(w)em ™ '; "TH NMR (400 MHz, CDCl;) 6 5.70 (ddd, J=
17.3, 10.5, 6.3 Hz, 1H), 5.31 (d, /J=17.3 Hz, 1H), 5.18 (d,
J=10.5Hz, 1H), 5.02 (s, 1H), 4.89 (s, 1H), 4.82 (s, 1H),
3.89 (d, /=6.3 Hz, 1H), 3.69 (s, 3H), 1.54 (s, 3H), 1.47 (s,
3H), 1.40 (s, 3H), 1.01 (s, 3H); *C NMR (100 MHz,
CDCl;) 6 174.3, 141.2, 1329, 117.5, 111.6, 101.8, 77.5,
74.1, 53.0, 51.9, 24.4, 24.0, 20.3, 15.5; MS (FAB, NBA

matrix) m/z 255 [M+H] . (+)-22a: [a«]f +11.9 (c 0.36,
MeOH); IR (KBr) 2949 (m), 1716 (s), 1647 (w), 1385 (m),
1228 (s), 1088 (m), 987 (w)cm ™ '; 'H NMR (400 MHz,
CDCl3) 6 5.71 (ddd, J=17.3,10.5,7.2 Hz, 1H), 5.34 (d, J=
17.3 Hz, 1H), 5.26 (d, J=10.5 Hz, 1H), 5.01 (s, 1H), 4.99 (s,
1H), 4.18 (s, 1H), 4.12 (d, J=7.2 Hz, 1H), 3.68 (s, 3H), 1.68
(s, 3H), 1.54 (s, 3H), 1.52 (s, 3H), 1.08 (s, 3H); >C NMR
(100 MHz, CDCl;) 6 172.4, 141.3, 133.5, 119.5, 115.9,
98.8, 79.9, 77.5, 51.3, 46.4, 29.8, 18.9 (2 C), 18.4; MS
(FAB, NBA matrix) m/z 255 [M+H] ™.

3.2.17. [(1R),2S5,35]-3-Hydroxy-2-(1-hydroxy-2-pro-
penyl)-2,4-dimethyl-4-pentenoic acid methyl ester (21).
To a solution of (+)-22a (51.3 mg, 0.202 mmol) in
THF-H,0 (4/1 v/v, 0.84 ml) at 0 °C was added trifluoro-
acetic acid (0.17 ml). The reaction mixture was warmed to
room temperature. The reaction mixture was stirred for 15 h
and quenched with saturated aqueous NaHCO;5 (2.5 ml).
The mixture was then extracted with CHCl3 (3 X 10 ml) and
the combined extracts were dried over Na,SQ,, filtered and
concentrated. Flash chromatography (33% EtOAc/hexanes)
provided 21 (single isomer) (36.9 mg, 0.172 mmol, 85%
yield) as a colorless oil: [a]zDs +13.1 (¢ 2.31, MeOH); IR
(KBr) 3454 (s), 2926 (w), 1699 (s), 1643 (s), 1456 (m), 1331
(m), 1252 (s), 980 (m) cm ™~ '; 'H NMR (270 MHz, CDCls) 6
5.84 (ddd, J=17.2, 10.2, 6.6 Hz, 1H), 5.35 (d, J=17.2 Hz,
1H), 5.26 (d, /J=10.2 Hz, 1H), 4.96 (s, 1H), 4.92 (s, 1H),
4.45 (d, J=6.6 Hz, 1H), 4.20 (s, 1H), 3.73 (s, 3H), 3.68 (bs,
1H), 2.95 (bs, 1H), 1.67 (s, 3H), 1.01 (s, 3H); '*C NMR
(67.5 MHz, CDCl3) 6 177.0, 144.0, 136.2, 118.7, 116.0,
79.7, 76.5, 54.0, 52.7, 18.9, 14.6; HRMS (FAB, NBA
matrix) m/z 215.1283 [(M+H)"; Caled for C,;H;90y:
215.1283].

3.2.18. (1R,25,35)-1,3-Dihydroxy-2-methoxycarbonyl-
2,4-dimethyl-4-cyclopentene (—)-23. At room tempera-
ture a solution of 21 (from (+)-22a) (59.7 mg, 0.279 mmol)
in CH,Cl, (5.6 ml) was treated with Grubbs reagent first
(46.0 mg, 0.056 mmol). The reaction mixture was warmed
to 40 °C and stirred for 5 h. A solution was then cooled to
room temperature and quenched with saturated aqueous
NaCl (3.0 ml). The mixture was then extracted with CHCl;
(5X10ml) and the combined extracts were dried over
Na,S0,, filtered and concentrated. Flash chromatography
(2.0% MeOH/CHCl3) provided (—)-23 (69.4 mg,
0.194 mmol, 69% yield) as a colorless crystal: mp 99—
100 °C; [a]Z —4.9 (¢ 1.28, MeOH); IR (KBr) 3435 (s),
2947 (w), 1736 (s), 1454 (w), 1435 (w), 1257 (s), 1161 (W),
1055 (m), 1007 (s) cm™'; "H NMR (270 MHz, CDCl5) ¢
5.68 (s, 1H), 4.79 (s, 1H), 4.65 (s, 1H), 3.72 (s, 3H), 2.31 (bs,
1H), 2.23 (bs, 1H), 1.79 (s, 3H), 1.19 (s, 3H); '*C NMR
(67.5 MHz, CDCl5) 6 177.3, 143.4, 127.4, 80.1, 78.0, 59.1,
52.3, 13.6, 12.7; HRMS (FAB, PZG200 matrix) m/z
187.0976 [(M+H)™"; Caled for CoH,50,: 187.0970].

3.2.19. (1R,2S,3S)-1-(tert-Butyldimethylsiloxy)-3-hydroxy-
2-methoxycarbonyl-2,4-dimethyl-4-cyclopentene. At
—78 °C a solution of (—)-23 (7.0 mg, 0.0376 mmol), and
2,6-lutidine (8.8 pl, 0.0753 mmol) in CH,Cl, (0.75 ml) was
treated with TBSOTf (14.3 pl, 0.0621 mmol), and the
solution was stirred for 80 min, quenched with H,O
(1.0 ml), and warmed to room temperature and stirred
5 min further. The mixture was then extracted with CHCl;
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(3X5ml) and the combined extracts were dried over
Na,S0,, filtered and concentrated. Flash chromatography
(10% EtOAc/hexanes) provided (1R,2S,3S)-1-(tert-butyl-
dimethylsiloxy)-3-hydroxy-2-methoxycarbonyl-2,4-
dimethyl-4-cyclopentene (9.7 mg, 0.0323 mmol, 86%
yield) as a colorless crystal: mp 55-56 °C; [a]zDs —31.4 (c
1.11, MeOH); IR (KBr) 3464 (s), 2933 (m), 1703 (s), 1458
(W), 1257 (s), 1119 (m), 1066 (s), 837 (s) cm ™ '; 'H NMR
(270 MHz, CDCl3) 6 5.41 (s, 1H), 4.82 (s, 1H), 4.60 (d, J=
8.6 Hz, 1H), 3.70 (s, 3H), 1.79 (s, 3H), 1.68 (bd, J=8.6 Hz,
1H), 1.16 (s, 3H), 0.89 (s, 9H), 0.06 (s, 6H); *C NMR
(67.5 MHz, CDCl3) 6 177.1, 142.5, 128.8, 81.0, 78.0, 59.6,
52.0,25.6 (30C), 18.1, 13.6, 12.6, —4.8 (2 C); HRMS (FAB,
NBA +Nal matrix) m/z 323.1658 [(M+Na)"; Calcd for
C;5H,304SiNa: 323.1655].

3.2.20. (2S,35)-3-(tert-Butyldimethylsiloxy)-2-methoxy-
carbonyl-2,5-dimethyl-4-cyclopentene-1-one (—)-24. At
room temperature a solution of (1R,2S,3S)-1-(tert-butyl-
dimethylsiloxy)-3-hydroxy-2-methoxycarbonyl-2,4-
dimethyl-4-cyclopentene (352 mg, 1.17 mmol) in CH,Cl,
(3.9 ml) was treated with manganese(IV) dioxide (2.04 g,
23.4 mmol), and the solution was sonicated (38 kHz) for
2.5 h. After a solution was filtered, and concentrated and
provided (—)-24 (348 mg, 1.17 mmol, 100% yield) as a
colorless oil: [a]5 —102.0 (c 0.81, MeOH); IR (KBr) 2931
(m), 1750 (s), 1716 (s), 1639 (m), 1255 (s), 1126 (m), 1086
(s), 845 (m) cm ™~ '; "H NMR (300 MHz, CDCl5) 6 7.07 (s,
1H), 5.08 (s, 1H), 3.71 (s, 3H), 1.82 (s, 3H), 1.28 (s, 3H),
0.91 (s, 9H), 0.11 (s, 3H), 0.08 (s, 3H); '*C NMR
(67.5 MHz, CDCls) ¢ 204.4, 172.1, 157.2, 139.9, 74.8,
59.9,52.5,25.7 (3 C), 18.0, 16.3, 10.0, —4.4, —4.9; HRMS
(FAB, Nal matrix) m/z 321.1497 [((M+Na)™; Calcd for
C|5H2604SiNa: 3211498]

3.2.21. (25,3R)-4-(n-Butyl)-3-(tert-butyldimethylsiloxy)-
2-methoxycarbonyl-2,5-dimethyl-4-cyclopentene-1-one
(—)-26. To a solution of copper (I) iodide (87.7 mg,
0.461 mmol) in THF (1.9 ml) at —40 °C was added n-BuLi
(1.53 M in hexane, 602 pl, 0.921 mmol). The solution was
stirred for 10 min, and added to a solution of (—)-24
(110 mg, 0.368 mmol) in THF (1.0 ml) and stirred for
10 min, and added to a solution of phenylselenenyl bromide
(148 mg, 0.626 mmol) and DMPU (75.7 pl, 0.626 mmol) in
THF (1.0 ml) and stirred for 20 min at —40 °C and then
quenched with saturated aqueous NH4Cl (7.5 ml), warmed
to room temperature and stirred 5 min further. The resultant
mixture was extracted with AcOEt (3X15ml) and the
combined extracts were dried over Na,SQ,, filtered and
concentrated. The crude product was diluted THF (3.7 ml)
and cooled to 0 °C, and AcOH (0.14 ml) and 30% aqueous
solution H,O, (0.25 ml, 2.21 mmol) was added to the
mixture. The reaction mixture was stirred for 10 min and
then quenched with saturated aqueous NaHCO; (3.0 ml).
The mixture was extracted with Et,O (32X 10 ml). Drying
over Na,SO, of organic layer followed by removal of the
solvent gave crude enone 25 (mixture of exo/endo=1:1),
which was pure enough for the next operation.

At room temperature a solution of enone in ethanol-H,O
(1/1 v/v) (3.7 ml) was treated with RhCl5-3H,0 (35.0 mg,
0.133 mmol), and the solution was warmed to 100 °C and
stirred for 2h. After a solution was cooled to room

temperature and extracted with CHCI; (3 X 10 ml) and the
combined extracts were dried over Na,SQ,, filtered and
concentrated. Flash chromatography (12.5% EtOAc/
hexanes) provided (—)-26 (95.5 mg, 0.270 mmol, 73%
yield) as a light yellow oil: [a] —59.2 (¢ 0.51, MeOH); IR
(KBr) 2933 (m), 1747 (s), 1711 (s), 1653 (m), 1253 (s), 1086
(s), 839 (m) cm ™~ '; '"H NMR (270 MHz, CDCl;) 6 5.05 (s,
1H), 3.72 (s, 3H), 2.39 (m, 2H), 1.73 (s, 3H), 1.49 (m, 2H),
1.39 (m, 2H), 1.25 (s, 3H), 0.95 (t, J=6.9 Hz, 3H), 0.92 (s,
9H), 0.13 (s, 3H), 0.03 (s, 3H); '>°C NMR (67.5 MHz,
CDCl5) 6 203.6, 172.5, 133.8, 76.5, 60.1, 52.4, 29.8, 27.4,
25.7 3 ©), 23.0, 18.0, 16.8, 13.9, 8.2, —4.5 (2 C); HRMS
(FAB, Nal matrix) m/z 377.2120 [(M+Na)™; Calcd for
C9H340,4SiNa: 377.2124]; Anal. Calcd for C;9H340,4Si: C,
64.36; H, 9.67. Found: C, 64.23; H, 9.56.

3.2.22. (1R,2R,3S)-5-(n-Butyl)-1-(tert-butyldimethyl-
siloxy)-3-hydroxy-2-hydroxymethyl-2,4-dimethyl-4-
cyclopentene. At 0°C a solution of (—)-26 (17 mg,
0.048 mmol) in THF (0.48 ml) was treated with LAH
(10 mg, 0.29 mmol). The solution was stirred for 105 min
and then quenched with saturated aqueous Na,SO, (0.2 ml)
and brine (3 ml). The resultant mixture was extracted with
Et,O (3X5 ml) and the combined extracts were dried over
Na,S0O,, filtered and concentrated. Preparative TLC (33%
EtOAc/hexanes) provided (1R,2R,35)-5-(n-butyl)-1-(tert-
butyldimethylsiloxy)-3-hydroxy-2-hydroxymethyl-2,4-
dimethyl-4-cyclopentene (8.8 mg, 56% yield) as a colorless
solid: mp: 113116 °C; [a]g! —3.4 (¢ 0.53, CHCl,); IR (KBr)
3317 cm™ '; "TH NMR (300 MHz, CDCl5) 6 4.26 (s, 1H), 4.11
(s,1H),3.53,3.46(d,J=10.5 Hz, each 1H), 2.03 (m, 2H), 1.72
(bs, 1H), 1.69 (s, 3H), 1.57 (bs, 1H), 1.30 (m, 4H), 0.90 (s, 3H),
0.90 (q, J=6.0 Hz, 3H), 0.90 (s, 9H), 0.08 (s, 6H); '*C NMR
(67.5 MHz, CDCl3) o: 140.1, 134.5, 81.2, 78.6, 68.7, 52.0,
30.8, 26.0, 25.3, 22.9, 18.2, 14.0, 124, 11.2, —4.0, —4.4;
HRMS (FAB, NBA, Nal matrix) m/z: 351.2326 [(M+Na) ™",
Calcd for CgH3603SiNa: 351.2331].

3.2.23. 3-(2-tert-Butyldimethylsiloxyethyl)-indoline 28.
At room temperature a solution of 3-(2-hydroethyl)-indoline
9 (71.9 mg, 0.441 mmol), DMAP (2.7 mg, 0.022 mmol) and
TBSCI (79.7 mg, 0.529 mmol) in CH,Cl, (2.2 ml) was
treated with triethylamine (92.2 pl, 0.661 mmol), and the
solution stirred for 2 h 20 min, quenched with H,O (3.0 ml)
and extracted with CHCl; (3X8 ml) and the combined
extracts were dried over Na,SQ,, filtered and concentrated.
Flash chromatography (33% EtOAc/hexanes) provided 28
(109 mg, 0.392 mmol, 89% yield) as a light brown oil: IR
(KBr) 3381 (s), 1608 (s), 1489 (m), 1464 (m)cm ™ '; 'H
NMR (270 MHz, CDCls) 6 7.16 (d, J="7.3 Hz, 1H), 7.08 (t,
J=7.3 Hz, 1H), 6.78 (dd, /=7.6, 7.3 Hz, 1H), 6.68 (d, /=
7.6 Hz, 1H), 3.77 (complex m, 2-H, 3H), 3.45 (m, 1H), 3.28
(dd, J=8.2, 7.9 Hz, 1H), 2.13 (m, 1H), 1.81 (m, 1H), 0.98
(s, 9H), 0.15(s, 3H), 0.14 (s, 3H); '*C NMR (67.5 MHz,
CDCl3) 6 151.7, 133.3, 127.8, 124.2, 118.9, 109.8, 61.8,
54.1, 39.5, 37.5, 26.3, 18.7, —4.9; HRMS (FAB, S-GTG,
PEG200 matrix) m/z: 277.1862 ([M]*t, Calcd for

3.2.24. [(25,3R),3£]-1-[4-(n-Butyl)-3-(tert-butyldimethyl-
siloxy)-2,5-dimethyl-1-0x0-2-(4-cyclopentenyl)methyl]-
3-(2-hydroxyethyl)indoline 29. At room temperature a
solution of (1R,2R,35)-5-(n-butyl)-1-(tert-butyldimethyl-
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siloxy)-3-hydroxy-2-hydroxymethyl-2,4-dimethyl-4-cyclo-
pentene (5.8 mg, 0.018 mmol) in CH,Cl, (0.88 ml) was
treated with Dess—Martin  periodinane (23 mg,
0.053 mmol), and the solution stirred for 45 min, and then
added TiCl; (1.0 M in toluene, 14 pl, 0.014 mmol). The
solution was stirred for 15 min, and added to a solution of
NaBH;CN (3.3 mg, 0.053 mmol) in methanol (0.18 ml) and
stirred for 5 min. The solution was quenched with H,O
(2 ml), extracted with CHCl; (32X 15 ml) and the combined
extracts were dried over Na,SQy, filtered and concentrated.
Preparative TLC (17% EtOAc/hexanes) provided 29
(3.0 mg, 29% yield) as a brown oil: '"H NMR (270 MHz,
CDCl3) 6 7.03 (complex m, 2H), 6.67 (m, 1H), 6.51 (m, 1H),
4.82 (bs, 1H), 3.65 (complex m, 3H), 3.20 (complex m, 4H),
2.38 (m, 2H), 2.08 (m, 2H), 1.73 (s, 3H), 1.34 (complex m,
4H), 1.04, 1.02 (s, each 3/2H), 0.93 (s, 9H), 0.91 (m, 3H),
0.90 (s, 9H), 0.21, 0.18, 0.13, 0.11 (s, each 3/2H), 0.05, 0.04
(s, each 3H).

3.2.25. (1R,2R,3S)-5-(n-Butyl)-3-(tert-butyldimethyl-
siloxy)-3-hydroxy-2-methoxycarbonyl-2,4-dimethyl-4-
cyclopentene. At 0°C a solution of (—)-26 (429 mg,
1.21 mmol) and CeCl;-7H,O (587 mg, 1.58 mmol) in
methanol (12.1 ml) was treated with NaBH,; (179 mg,
4.74 mmol). The solution was warmed to room temperature,
and stirred for 1 h and then quenched with saturated aqueous
Na,SO, (8.0 ml). The resultant mixture was extracted with
CHCI; (3X50ml) and the combined extracts were dried
over Na,SQO,, filtered and concentrated. Flash chromato-
graphy (10% EtOAc/hexanes) provided (1R,2R,35)-5-(n-
butyl)-3-(tert-butyldimethylsiloxy)-3-hydroxy-2-methoxy-
carbonyl-2,4-dimethyl-4-cyclopentene (347 mg, 0.975 mmol,
80% yield) as a colorless solid: mp 64—66 °C; [a]fy —3.9 (¢
0.47, MeOH); IR (KBr) 3489 (s), 2931 (s), 1705 (s), 1680
(w), 1458 (m), 1257 (s), 1111 (m), 1086 (s), 1057 (m), 866
(m), 839 (m) cm ™~ '; "H NMR (270 MHz, CDCl5) 6 4.84 (s,
1H), 4.54 (d, J=8.6 Hz, 1H), 3.70 (s, 3H), 2.03 (m, 2H),
1.68 (s, 3H), 1.57 (bd, J=8.6 Hz, 1H), 1.31 (m, 4H), 1.11 (s,
3H), 0.90 (t, /=6.9 Hz, 3H), 0.90 (s, 9H), 0.09 (s, 3H), 0.02
(s, 3H); >*C NMR (67.5 MHz, CDCl5) 6 177.4, 139.8, 133.2,
81.8, 79.8, 58.6, 51.9, 30.5, 25.8 (3 ), 25.2, 22.8, 18.1,
14.0,12.2,11.1, —4.0, —4.9; HRMS (FAB, PZG400 + Nal
matrix) m/z 379.2283 [(M+Na)™; Calcd for C;oH;0,-
SiNa: 379.2281].

3.2.26. (1S,2R,3R)-4-(n-Butyl)-1,3-bis(tert-butyl-
dimethylsiloxy)-2-methoxycarbonyl-2,5-dimethyl-4-
cyclopentene. To a solution of KH (35 wt% dispersion in
mineral oil, 212 mg, 1.85 mmol) and 18-crown-6 (4.9 mg,
0.0185 mmol) in THF (3.7ml) at 0°C was added
(1R,2R,3S)-5-(n-butyl)-3-(tert-butyldimethylsiloxy)-3-
hydroxy-2-methoxycarbonyl-2,4-dimethyl-4-cyclopentene
(329 mg, 0.924 mmol) in THF (9.2 ml). The solution was
stirred for 5 min at 0 °C. To a reaction mixture was added
TBSCI (223 mg, 1.48 mmol) in THF (7.4 ml). The reaction
was warmed to room temperature and stirred for 11.5 h. The
reaction was carefully quenched with H,O (5.0 ml),
extracted with CHCl; (3 X 30 ml) and the combined extracts
were dried over Na,SQy, filtered and concentrated. Flash
chromatography (2.0% EtOAc/hexanes) provided
(18,2R,3R)-4-(n-butyl)-1,3-bis(tert-butyldimethylsiloxy)-2-
methoxycarbonyl-2,5-dimethyl-4-cyclopentene (399 mg,
0.849 mmol, 92% yield) as a colorless oil: [oz]zD5 +3.4 (¢

0.88, MeOH); IR (KBr) 2933 (s), 1726 (m), 1468 (m), 1072
(s), 870 (m), 839 (m) cm'; "H NMR (270 MHz, CDCl;) 6
4.82 (s, 1H), 4.69 (s, 1H), 3.69 (s, 3H), 2.04 (m, 1H), 1.93
(m, 1H), 1.57 (s, 3H), 1.28 (m, 4H), 1.01 (s, 3H), 0.89 (s,
18H), 0.88 (t, J=6.9 Hz, 3H), 0.04 (s, 6H), —0.06 (s, 6H);
13C NMR (67.5 MHz, CDCl;) 6 178.3, 137.1, 132.9, 82.0,
80.9, 60.7, 51.7, 30.8, 25.8 (6 C), 25.3, 22.9, 18.1 (2 C),
14.0, 11.3 2 C), —4.3, —4.6, —4.7, —4.9; HRMS (FAB,
NBA matrix) m/z 469.3144 [(M—H)™'; Calcd for
C25H4904Si2: 4693169]

3.2.27. (1S,2R,3R)-4-(n-Butyl)-1,3-bis(tert-butyl-
dimethylsiloxy)-2-hydroxymethyl-2,5-dimethyl-4-cyclo-
pentene (+)-30. To a solution of (15,2R,3R)-4-(n-butyl)-
1,3-bis(tert-butyldimethylsiloxy)-2-methoxycarbonyl-2,5-
dimethyl-4-cyclopentene (23.6 mg, 0.0502 mmol) in
CH,Cl, (0.5 ml) at —78 °C was added diisobutylaluminum
hydride (0.98 M in hexane, 154 pul, 0.151 mmol). The
solution was stirred for 15 min at —78 °C and then
quenched with saturated aqueous NH4Cl (0.1 ml) and
Na,SO4 (200 mg). The resultant mixture was warmed to
room temperature and stirred for 10 min. After a solution
was filtered, and concentrated. Flash chromatography (10%
EtOAc/hexanes) provided (+)-30 (22.2 mg, 0.0502 mmol,
100% yield) as a colorless oil: [a]5 +5.8 (¢ 0.81, MeOH);
IR (KBr) 3431 (s), 2933 (s), 1468 (w), 1254 (m), 1068 (s),
893 (w), 837 (s), 773 (m)cm ™ '; 'H NMR (270 MHz,
CDCl3) 6 4.49 (s, 1H), 4.39 (s, 1H), 3.50 (s, 2H), 2.06 (m,
1H), 1.96 (m, 1H), 1.58 (s, 3H), 1.30 (m, 4H), 0.91 (s, 18H),
0.89 (t, J=7.0 Hz, 3H), 0.72 (s, 3H), 0.10 (s, 3H), 0.09 (s,
6H), 0.08 (s, 3H); '*C NMR (67.5 MHz, CDCl3) 6 —4.3,
—4.2 (2 C), 137.8, 133.7, 76.5, 77.6, 65.3, 53.8, 31.1, 26.0
(60),25.3,23.0,183(2C), 14.1,12.7, 11.7, —4.0; HRMS
(FAB, NBA matrix) m/z 441.3200 [(M—H)™; Calcd for
C24H4903Si21 441 3220]

3.2.28. [(15,2R,3R),3E]-1-[-4-(n-Butyl)-1,3-bis(tert-butyl-
dimethylsiloxy)-2,5-dimethyl-2-(4-cyclopentenyl)-
methyl]-3-[2-(tert-butyldimethylsiloxy)]indoline 31. At
room temperature a solution of (+)-30 (42.3 mg,
0.0957 mmol) in CH,Cl, (1.9 ml) was treated with Dess—
Martin periodinane (101 mg, 0.239 mmol), and the solution
stirred for 40 min quenched with H,O (1.5 ml). The
resultant mixture was extracted with CHCl; (3 X5 ml) and
the combined extracts were dried over Na,SQ,, filtered and
concentrated. The crude product was eluted by Flash
chromatography (20% EtOAc/hexanes) provided aldehyde,
which was pure enough for the next operation.

To a solution of aldehyde and 28 (79.5 mg, 0.287 mmol) in
benzene (4.8 ml) at room temperature was added TiCl,
(1.0 M in toluene, 115 pul, 0.155 mmol). The solution was
stirred for 15 min, and added to a solution of NaBH;CN
(18.0 mg, 0.287 mmol) in methanol (4.8 ml) and stirred for
10 min. The solution was quenched with H,O (2 ml) and 5%
KOH aqueous solution (3 ml), extracted with CHCI; (3 X
15 ml) and the combined extracts were dried over Na,SO,,
filtered and concentrated. Flash chromatography (5.0%
EtOAc/hexanes) provided 31 (51.7 mg, 0.0738 mmol, 77%
yield, 96% based on recovered (+)-30) and recovered (+)-
30 (8.5 mg, 0.0192 mmol, 19%).

Aldehyde. "H NMR (270 MHz, CDCl3) 6 9.71 (s, 1H), 4.71
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(s, 1H), 4.59 (s, 1H), 2.03 (m, 2H), 1.60 (s, 3H), 1.30 (m,
4H), 1.05 (s, 3H), 0.89 (s, 18H), 0.89 (t, J=7.0 Hz, 3H),
0.06 (s, 6H), 0.03 (s, 6H).

Compound 31. Light yellow oil; IR (KBr) 2929 (s), 1606
(m), 1487 (m), 1471 (m), 1462 (m), 1255 (s), 1063 (s), 870
(m), 835 (s) 773 (s)cm~'; '"H NMR (270 MHz, CDCl5) 6
7.05 (m, 2H), 6.67 (dd, J=7.3, 7.3 Hz, 1H), 6.33 (d, J=
7.9 Hz, 1/2H), 6.32 (d, J=7.9 Hz, 1/2H), 4.18 (s, 1/2H),
4.11 (s, 1/2H), 4.04 (s, 1/2H), 4.00 (s, 1/2H), 3.75 (dd, J=
6.3, 5.9 Hz, 2H), 3.69 (m, 1H), 3.32 (m, 1H), 3.06 (m, 1H),
2.88 (d, J=14.2 Hz, 1H), 2.72 (d, J=14.2 Hz, 1H), 2.08 (m,
4H), 1.67 (s, 3H), 1.35 (m, 4H), 1.03 (s, 3H), 0.92 (s, 9H),
0.91 (s, 9H), 0.89 (s, 9H), 0.87 (t, J=7.0 Hz, 3H), 0.09 (s,
3H), 0.08 (s, 3H), 0.06 (s, 3H), 0.05 (s, 3/2H), 0.02 (s, 3H),
0.01 (s, 3H), —0.01 (s, 3/2H); '*C NMR (67.5 MHz,
CDCl5) 6 153.7, 139.8 (1/2 C), 139.7 (1/2 C), 135.6 (1/2 C),
135.4 (1/2 ©), 132.8, 127.4, 123.3 (1/2 C), 123.2 (1/2 C),
117.3, 106.5, 83.3 (1/2 C), 83.2 (1/2 C), 80.9 (1/2 C), 80.6
(1/2 C), 64.0, 61.4, 60.9 (1/2 C), 60.8 (1/2 C), 50.9 (1/2 C),
50.8 (1/2 C), 38.0, 37.1, 30.7, 26.0 (9 C), 25.6 (1/2 C), 25.5
(1/2C),22.8,184,18.3,18.1,14.1 2C), 12.6 (1/2 C), 12.5
12 ©), —3.1, —3.7, —3.8, —3.9, —4.0, —4.1; HRMS
(FAB, NBA matrix) m/z 702.5126 [(M+H)"; Calcd for
C40H7603Nsi3Z 7025133]

3.2.29. [(1S,2R,3R),35]-1-[4-(n-Butyl)-1,3-dihydroxy-2,5-
dimethyl-2-(4-cyclopentenyl)methyl]-3-(2-hydroxy)-
indoline. At room temperature a solution of 31 (7.6 mg,
0.0108 mmol) in THF (0.54 ml) was treated with tetra-n-
butylammonium fluoride (1.0 M in THF, 52.4 ul,
0.0542 mmol). The reaction mixture was warmed to 60 °C
and stirred for 4 h. After a solution was cooled to room
temperature and quenched with H,O (1.0 ml). The mixture
was then extracted with CHCl3 (3 X5 ml) and the combined
extracts were dried over Na,SQ,, filtered and concentrated.
Flash chromatography (50% CHCls/acetone) furnished
[(1S,2R,3R),3E]-1-[4-(n-butyl)-1,3-dihydroxy-2,5-
dimethyl-2-(4-cyclopentenyl)methyl]-3-(2-hydroxy)indo-
line (3.9 mg, 0.0108 mmol, 100% yield) as a light green oil:
IR (KBr) 3450 (s), 2929 (m), 1606 (m), 1489 (m), 1462 (m),
1261 (m), 1041 (m), 1014 (m), 744 (m)cm'; '"H NMR
(270 MHz, CD5;0D) 6 7.01 (d, J=7.6 Hz, 1H), 6.99 (dd,
J=17.6,7.3 Hz, 1H), 6.60 (dd, J=7.6, 7.3 Hz, 1H), 6.43 (d,
J=7.6 Hz, 1H), 4.21 (s, 1H), 4.08 (s, 1/2H), 4.07 (s, 1/2H),
3.65 (t,J=6.6 Hz, 2H), 3.63 (m, 1H), 3.29 (m, 1H), 3.17 (m,
1H), 2.96 (d, J=14.5 Hz, 1H), 2.89 (d, J=14.5 Hz, 1H),
2.17 (t, J=6.6 Hz, 2H), 1.98 (m, 1H), 1.70 (s, 3H), 1.68 (m,
1H), 1.37 (m, 4H), 0.94 (s, 3H), 0.90 (t, J=7.3 Hz, 3H); '3C
NMR (67.5 MHz, CD;0D) ¢ 154.9, 140.3 (1/2 C), 140.2 (1/
2 C), 136.1, 133.8, 128.5, 124.3, 118.4, 107.5, 81.9 (1/2 C),
81.8 (1/2C),79.9 (1/2 C), 79.8 (1/2 C), 64.5, 61.0,59.2 (1/2
0), 59.1 (1/2 ©), 52.9, 39.0, 38.3 (1/2 C), 38.2 (1/2 C), 31.2,
26.4 (1/2 C), 26.3 (1/2 C), 23.9 (1/2 C), 23.8 (1/2 C), 14.6
(172 C), 14.5 (1/2 C), 14.4, 11.6; HRMS (FAB, Nal matrix)
mlz 382.2329 [(M+Na)"; Calcd for C,,H;;0;NNa:
382.2358].

3.2.30. [(1S,2R,3R),3t]-1-[-4-(n-Butyl)-1,3-dihydroxy-
2,5-dimethyl-2-(4-cyclopentenyl)methyl]-3-(2-triethyl-
siloxyethyl)indoline. At room temperature a solution of
[(1S5,2R,3R),3E]-1-[-4-(n-butyl)-1,3-dihydroxy-2,5-dimethyl-
2-(4-cyclopentenyl)methyl]-3-(2-hydroxy)indoline

(106.4 mg, 0.296 mmol), DMAP (1.8 mg, 0.0148 mmol)
and triethylamine (82.7 pl, 0.593 mmol) in CH,Cl, (9.9 ml)
was treated with TESCI (84.6 ul, 0.504 mmol), and the
solution was stirred for 2.5 h, quenched with H,O (3.0 ml)
and extracted with CHCl; (3X 10 ml) and the combined
extracts were dried over Na,SQ,, filtered and concentrated.
Flash chromatography (50% EtOAc/hexanes) provided
[(1S,2R,3R),3E]-1-[4-(n-butyl)-1,3-dihydroxy-2,5-
dimethyl-2-(4-cyclopentenyl)methyl]-3-(2-triethylsiloxy-
ethyl)indoline (110 mg, 0.232 mmol, 78% yield, 88% based
on recovered SM) and recovered SM (12.3 mg,
0.0343 mmol, 12%). Product. Light brown oil; IR (KBr)
3460 (s), 2931 (m), 1628 (w), 1606 (m), 1489 (m), 1460 (m),
1261 (m), 1097 (m), 1041 (w), 1009 (m), 744 (s) cm ™ '; 'H
NMR (270 MHz, CDs0D) ¢ 7.00 (d, J=7.0 Hz, 1H), 6.98
(dd, J=7.6,7.3 Hz, 1H), 6.59 (dd, /=7.6,7.0 Hz, 1H), 6.43
(d, J=7.3 Hz, 1H), 4.07 (s, 1H), 4.02 (s, 1H), 3.73 (m, 2H),
3.62 (m, 1H), 3.29 (m, 1H), 3.18 (m, 1H), 2.95 d, J=
14.2 Hz, 1H), 2.88 (d, /J=14.2 Hz, 1H), 2.17 (t, J=7.3 Hz,
2H), 2.06 (m, 1H), 1.70 (s, 3H), 1.70 (m, 1H), 1.32 (m, 4H),
0.98 (t, J=7.9 Hz, 9H), 0.94 (s, 3H), 0.89 (t, J=6.9 Hz,
3H), 0.62 (q, J=7.9 Hz, 6H); 13C NMR (67.5 MHz,
CD;0D) 6 154.9, 1404, 136.2 (1/2 C), 136.1 (1/2 C),
133.8, 128.5, 124.3, 118.4, 107.5 (1/2 C), 107.4 (1/2 C),
82.0 (1/2 ©), 81.9 (1/2 C), 79.5, 64.6 (1/2 C), 64.5 (1/2 C),
62.1, 59.3, 52.8, 39.2, 38.5, 31.3, 26.4, 23.9 (1/2 C), 23.8
(1/2C), 14.6 (1/2C), 14.5(1/2C), 144, 11.6,7.1 (3C), 5.3
(3 C); HRMS (FAB, Nal matrix) m/z 496.3225 [(M+Na)™*;
Calcd for C,gH470O3NSiNa: 496.3223].

3.2.31. (2'R)-1-[4-(n-Butyl)-2,5-dimethyl-1,3-dioxo-2-(4-
cyclopentenyl)methyl]-3-(2-hydroxyethyl)indoline (+)-
11. At room temperature a solution of [(1S,2R,3R),3£]-1-
[4-(n-butyl)-1,3-dihydroxy-2,5-dimethyl-2-(4-cyclo-
pentenyl)methyl]-3-(2-triethylsiloxyethyl)indoline
(94.3 mg, 0.199 mmol) in CH,Cl, (19.9 ml) was treated
with manganese(IV) dioxide (1.73 g, 19.9 mmol), and the
solution was sonicated (38 kHz) for 32 h. The reaction
mixture was filtered and concentrated to afford crude
product. At 0 °C the product was diluted 0.5% concd HCI
in EtOH (10 ml), and stirred for 5 min at 0 °C and then
quenched with CHCIl; (5 ml) and saturated aqueous
NaHCO; (3.0 ml). The mixture was extracted with CHCl3
(3X10ml) and the combined extracts were dried over
Na,S0y,, filtered and concentrated. Flash chromatography
(50% EtOAc/hexanes) provided (+)-11 (62.8 mg,
0.178 mmol, 89% yield) as a yellow oil.

Diketone TES ether. '"H NMR (270 MHz, CDCl5) 6 7.42 (d,
J=7.9Hz, 1H), 7.15 (dd, J=8.3, 6.3 Hz, 1H), 7.14 (d, J=
8.3 Hz, 1H), 6.99 (dd, J=7.9, 6.3 Hz, 1H), 6.53 (s, 1H),
439 (d, J=14.5 Hz, 1H), 4.31 (d, J=14.5 Hz, 1H), 3.73 (m,
2H), 2.85 (dd, J=8.6, 6.9 Hz, 2H), 2.12 (m, 1H), 1.97 (m,
1H), 1.67 (s, 3H), 1.21 (s, 3H), 0.96 (t, J=7.9 Hz, 9H), 0.94
(m, 4H), 0.66 (q, J=7.5 Hz, 4H), 0.62 (t, J=7.9 Hz, 3H),
0.60 (q, J=17.5 Hz, 2H); ">*C NMR (67.5 MHz, CDCl3) 6 4.8
(3C),6.8(3C),9.1,13.7,16.1,22.5,23.5,28.8,29.1, 49.9,
51.4, 63.5, 110.5, 112.7, 118.7, 119.2, 122.0, 126.4, 127.9,
135.6, 155.4, 159.6, 205.1, 206.1.

Compound (+)-11. [oz]%)5 +51.7 (c 0.64, MeOH); IR (KBr)
3417 (m), 2929 (m), 1691 (s), 1630 (w), 1464 (m), 1381 (m),
1047 (w), 743 (m) cm™'; "H NMR (270 MHz, CDCl;) ¢
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7.44 (d, J=7.9 Hz, 1H), 7.20 (dd, /=8.6, 7.9 Hz, 1H), 7.18
(d, J/=8.6 Hz, 1H), 7.02 (dd, /J=7.9, 7.9 Hz, 1H), 6.61 (s,
1H), 4.41 (d, J=14.5Hz, 1H), 4.34 (d, J=14.5 Hz, 1H),
3.79 (dd, J=6.6, 6.3 Hz, 2H), 2.88 (dd, J=6.6, 6.3 Hz, 2H),
2.15 (m, 1H), 2.00 (m, 1H), 1.69 (s, 3H), 1.22 (s, 3H), 0.89
(m, 2H), 0.76 (m, 2H), 0.67 (t, J=6.9 Hz, 3H); '*C NMR
(67.5 MHz, CDCl3) 6 206.0, 205.1, 159.6, 155.5, 135.9,
127.7, 127.0, 122.3, 1194, 118.7, 112.0, 110.6, 62.7, 51.3,
49.8, 29.1, 28.4, 23.6, 22.5, 16.3, 13.7, 9.1; HRMS (FAB,
Nal matrix) m/z 376.1899 [(M+Na)*; Calcd for
C22H27O3NNa: 376.1 889] .

3.2.32. (+)-Madindoline A (+)-1 and (—)-madindoline
B (—)-2. By the use of (+ )-diethyl tartrate. To a solution of
activated 4 A molecular sieves (165 mg) in CH,Cl,
(11.8 ml) at —5 °C was added titanium(I'V) isopropoxide
(46.7 pl, 0.158 mmol) and (+)-diethyl tartrate (32.5 pl,
0.190 mmol) and stirred for 30 min. The solution was
cooled to —20 °C, and was added tert-butylhydroperoxide
(5.0M in decane, 158 ul, 0.790 mmol) and stirred for
15 min at —20 °C. To the solution was added a solution of
(+)-11 (55.8 mg, 0.158 mmol) in CH,Cl, (4.0 ml). The
solution was stirred for 3 days and then quenched with Et,O
(7 ml), and saturated aqueous Na,SO, (0.5 ml), warmed to
room temperature and stirred 2 h further. The resultant
mixture was filtered through a celite, washing with CHCl3
(3X 15 ml). The filtrate was added to silica gel (Silica gel
60, 0.040-0.063 mm, Merck, 24 ml), and the solvent was
removed under vacuo. After suspending on silica gel for 2 h,
the mixture was eluted with 10% MeOH/CHClI5 (3 X 20 ml)
and concentrated. Flash chromatography (11% acetone/
CHCl;) furnished (+ )-madindoline A (+)-1 (18.0 mg,
0.0488 mmol, 31% yield, 34% based on recovered (+)-11),
(— )-madindoline B (—)-2 (8.1 mg, 0.020 mmol, 14% yield,
15% based on recovered (+)-11) and recovered (+)-11
(5.1 mg, 0.0144 mmol, 9%). (+ )-madindoline A (+)-1.
Light yellow crystal; mp 82-84 °C; mmp 82-85 °C; [a]p +
69.6 (¢ 0.30, MeOH); IR (KBr) 3412 (s), 2926 (m), 1740
(w), 1695 (s), 1610 (m), 1487 (m), 1383 (m), 1283 (w), 754
(w)yem™; 'TH NMR (400 MHz, CDCls) 6 7.20 (m, 1H),
7.19 (m, 1H), 6.75 (dt, J=7.3, 0.5 Hz, 1H), 6.63 (d, J=
8.0 Hz, 1H), 4.93 (s, 1H), 3.85 (m, 1H), 3.70 (d, /=14.2 Hz,
1H), 3.46 (d, J=14.2 Hz, 1H), 3.15 (m, 1H), 2.38 (m, 1H),
2.36 (m, 1H), 2.33 (dd, /=12.0, 8.0 Hz, 1H), 2.17 (ddd, J=
12.0, 5.0, 1.5 Hz, 1H), 2.00 (s, 3H), 1.29 (m, 2H), 1.19 (m,
2H), 1.12 (s, 3H), 0.76 (t, J=7.0 Hz, 3H); °C NMR
(100 MHz, CDCl3) 6 206.4, 206.3, 157.7, 156.5, 130.6,
129.5, 150.5, 123.5, 119.1, 108.1, 106.2, 88.0, 66.6, 53.6,
50.6, 41.1, 29.9, 23.6, 22.7, 17.3, 13.6, 9.4, HRMS (FAB,
NBA matrix) m/z 370.2044 [(M+H)"; Calcd for
CyoH,304N: 370.2018]. (— )-Madindoline B (—)-2. Light
yellow oil; []} —82.3 (c 0.03, MeOH); IR (KBr) 3429 (s),
2931 (m), 1740 (w), 1695 (s), 1610 (m), 1489 (m), 1383 (m),
1283 (m), 754 (w)ecm ™ '; 'H NMR (400 MHz, CDCl;) ¢
7.19 (m, 2H), 6.74 (dt, J=7.2, 1.0 Hz, 1H), 6.62 (d, J=
8.0 Hz, 1H), 491 (s, 1H), 3.84 (ddd, /=12.0, 7.8, 1.5 Hz,
1H), 3.68 (d, /=14.9 Hz, 1H), 3.48 (d, /=14.9 Hz, 1H),
3.16 (ddd, /=12.0, 9.1, 5.0 Hz, 1H), 2.46 (m, 1H), 2.37 (m,
1H), 2.33 (ddd, J=12.0, 7.9, 1.5 Hz, 1H), 2.19 (ddd, J=
12.0, 5.0, 1.5 Hz, 1H), 1.94 (s, 3H), 1.39 (m, 2H), 1.26 (m,
2H), 1.13 (s, 3H), 0.86 (t, J=7.2Hz, 3H); °C NMR
(100 MHz, CDCl3) 6 206.6, 205.9, 160.3, 153.7, 1504,
130.5, 129.4, 123.5, 118.9, 107.8, 105.0, 87.9, 66.7, 52.1,

50.5, 41.2, 29.5, 24.0, 22.9, 17.5, 13.8, 9.1; HRMS (FAB,
NBA matrix) m/z 370.2022 [(M+H)"; Calcd for
C22H2804NZ 3702018]

By the use of (— )-diethyl tartrate. To a solution of activated
4 A molecular sieves (15 mg) in CH,ClI, (0.90 ml) at —5 °C
was added titanium(IV) isopropoxide (4.3 pl, 0.0144 mmol)
and (—)-diethyl tartrate (3.0 pl, 0.0173 mmol) and stirred
for 30 min. The solution was cooled to —20 °C, and was
added fert-butylhydroperoxide (5.0 M in decane, 14.4 pl,
0.0722 mmol) and stirred for 15 min at —20 °C. To the
solution was added a solution of (+)-11 (5.1 mg,
0.0144 mmol) in CH,Cl, (0.54 ml). The solution was stirred
for 3 days and then quenched with Et,O (1 ml), and
saturated aqueous Na,SO, (0.06 ml), warmed to room
temperature and stirred 2 h further. The resultant mixture
was filtered through a celite, washing with CHCl3 (3 X
5 ml). The filtrate was added to silicagel (Silica gel 60,
0.040—0.063 mm, Merck, 2.4 ml), and the solvent was
removed under vacuo. After suspending on silica gel for 2 h,
the mixture was eluted with 10% MeOH/CHCIl; (3 X 10 ml)
and concentrated. Flash chromatography (11% acetone/
CHCI;) furnished (+ )-madindoline A (+)-1 (0.8 mg,
2.17 mmol, 15% yield, 16.3% based on recovered (+)-
11), (—)-madindoline B (—)-2 (1.8 mg, 4.88 mmol, 34%
yield, 37% based on recovered (+)-11) and recovered (+)-
11 (0.4 mg, 1.13 mmol, 8%).

3.3. Second generation synthesis

3.3.1. (S)-2-Methyl-3-trimethylacetoxy-1-propanol (—)-
37. At room temperature a solution of (+)-36 (3.0g,
14.8 mmol) in pyridine (14.8 ml) was treated with
trimethylacetyl chloride (2.2 ml, 17.8 mmol), and the
solution was stirred for 2 h, quenched with H,O (30 ml).
The mixture was extracted with CHCl; (60 ml). The extract
was washed with H,O (20 ml) and 1.0 N HCI in H,O
(30 ml), and then dried over Na,SQy, filtered and concen-
trated. Crude product was not measured and was used in
next step without purification.

Crude TBS ether was diluted with 1% concd HCI aqueous
solution in MeOH (29.6 ml), and the resultant mixture was
stirred for 30 min at room temperature. H,O (30 ml) was
added to dilute the reaction mixture, and the resulting
mixture was extracted with CH,Cl, (3X60 ml). The
combined extracts were dried over Na,SQ,, filtered and
concentrated. Flash chromatography (hexane/EtOAc=4:1)
provided (—)-37 (2.2 g, 12.5 mmol, 84% yield) as a
colorless oil: [a]3 —12.0 (¢ 0.30, CHCl3); IR (KBr)
3440(s), 2972(s), 1732(s), 1481(m), 1286(s), 1169(s),
1036(m) cm ™~ '; 'H NMR (270 MHz, CDCl5) ¢ 4.09 (1H,
dd, J=11.0, 5.3 Hz), 4.01 (1H, dd, J=11.0, 6.3 Hz), 3.50
(1H, dd, J=11.2, 6.1 Hz), 3.44 (1H, dd, J=11.2, 6.6 Hz),
1.96 (1H, m), 1.18 (9H, s), 0.93 (3H, d, J=6.9 Hz); '3C
NMR (67.5 MHz, CDCls) ¢ 180.0, 66.8, 65.2, 39.6, 36.5,
28.3 (3C), 14.4; HRMS (FAB, NBA, PEG200 + Nal matrix)
mlz: 197.1158 [(M+Na)"; Calcd for CoH,3O;Na:
197.1154].

3.3.2. (R)-2-Methyl-3-trimethylacetoxy-1-propanal (—)-
35. To a solution of oxalyl chloride (4.91 ml, 56.3 mmol) in
CH,Cl, (75 ml) at —78 °C was added DMSO (6.57 ml,



6034 T. Hirose et al. / Tetrahedron 61 (2005) 6015-6039

92.5 mmol). The solution was stirred for 15 min, and then
added to a solution of (—)-37 (7.0 g, 40.2 mmol) in CH,Cl,
(25.5 ml) and stirred for 15 min at —78 °C. Et;N (25.2 ml,
181 mmol) was then added, the resultant mixture was stirred
for 10 min at 0°C, quenched with H,O (100 ml) and
Et;,O-hexane (1/1=v/v) (200 ml). The organic layer was
separated, washed with H,O (1X 150 ml), saturated
aqueous NH4C1 (2X 150 ml) and saturated aqueous NaCl
(1 X150 ml), and then dried over Na,SQOy,, filtered. Evap-
oration of the solvent afforded (—)-35 (6.42 mg, 93% yield)
as a colorless oil: [ac]zD5 —16.0 (c 0.65, CHCl,); IR (KBr)
2972(m), 1732(s), 1286(m), 1163(s)cm™'; 'H NMR
(270 MHz, CDCls) 6 9.70 (1H, d, J=1.3 Hz), 4.26 (2H, d,
J=59Hz), 2.71 (1H, m), 1.18 (9H, s), 1.16 (3H, d, J=
6.9 Hz); '3*C NMR (67.5 MHz, CDCl5) 6 202.0, 178.3, 63.4,
45.9, 38.8, 27.1 (3C), 10.4; HRMS (FAB, NBA, PEG200+
Nal matrix) m/z: 195.1004 [(M+Na)™; Calced for
CoH,;603Na: 195.0997].

3.3.3. (%)-2-Methyl-3-trimethylacetoxy-1-propanol
(£)-37. To a solution of 2-methyl-1,3-propanediol (—)-
38 (1.5 ml, 16.9 mmol) in CH,Cl, (16.9 ml) was added Et;N
(2.4 ml, 16.9 mmol) and PivCl (2.5 ml, 20 mmol) at 0 °C.
The reaction mixture was then warmed to room temperature
and stirred for 24 h. The reaction was quenched with HO
(30 ml). The organic layer was separated, and the aqueous
layer was extracted with CHCl3 (3 X30 ml). The combined
organic layers were washed with brine (50 ml), dried over
Na,SQ,, filtered and concentrated. Flash chromatography
(50% EtOAc/hexane) furnished ()-37 (2.4 g, 83%) as a
colorless oil.

3.3.4. (1)-2-Methyl-3-trimethylacetoxy-1-propanal
(£)-35. According to the procedure for preparation
of (—)-35. Oxidation of (+£)-37 afforded (4)-35 (92%
yield) on 10 g scale.

3.3.5. [(25),3aR,8aS5]-3a-Hydroxy-8-(2-methyl-3-tri-
methylacetoxypropyl)-3,3a,8,8a-tetrahydro-2H-furo-
[2,3-b]indole (—)-39. At room temperature a solution of
(—)-4 (4.5 g, 25.4 mmol) and (—)-35 (5.7 g, 33.0 mmol) in
CH,CICH,Cl (127 ml) was treated with AcOH (2.2 ml,
38.1 mmol) and NaBH(OAc); (7.0 g, 33.0 mmol), and the
resultant mixture was stirred for 30 min, and then quenched
with saturated aqueous NaHCO;5; (150 ml). The resultant
mixture was extracted with CHCl; (3 X100 ml) and the
combined extracts were dried over Na,SO,, filtered and
concentrated. Flash chromatography (hexane/EtOAc=>5:1)
provided (—)-39 (5.3 g, 63% yield) as a light brown oil:
[a]y) —39.7 (c 2.13, CHCl3); IR (KBr) 3431(s), 2972(m),
1728(s), 1612(m), 1491(s), 1288(m), 1165(s),
1030(m) cm ™~ '; "H NMR (270 MHz, CDCl;) 6 7.28 (1H,
d, J=7.6 Hz), 7.18 (1H, dd, J=7.9, 7.3 Hz), 6.72 (1H, dd,
J=17.6,7.3 Hz), 6.43 (1H, d, J=7.9 Hz), 5.24 (1H, s), 4.06
(1H, dd, J=11.2, 5.3 Hz), 4.05 (1H, m), 3.93 (1H, dd, J=
11.2, 5.9 Hz), 3.59 (1H, m), 3.22 (2H, d, /J=7.6 Hz), 2.45
(1H, m), 2.32 (1H, m), 2.30 (1H, m), 1.22 (9H, s), 1.02 (3H,
d,J=6.9 Hz); "*C NMR (67.5 MHz, CDCl;) 6 178.5, 150.9,
130.4, 130.0, 123.9, 117.8, 105.9, 104.3, 88.0, 67.2, 66.8,
48.9,41.2, 38.9, 32.9, 27.2 (3C), 15.3; HRMS (FAB, NBA,
PEG200+ Nal matrix) m/z: 333.1944 [(M)*; Calcd for
C|9H27NO4: 3331940]

3.3.6. [(25),3aR,8aS]-3a-(tert-Butyldimethylsilyloxy)-8-
(2-methyl-3-trimethylacetoxypropyl)-3,3a,8,8a-tetra-
hydro-2H-furo[2,3-b]indole. At 0 °C a solution of (—)-39
(5.2 g, 15.6 mmol), and 2,6-lutidine (3.64 ml, 31.2 mmol) in
CH,Cl, (156 ml) was treated with TBSOTf (5.38 ml,
23.4 mmol), and the solution was stirred for 80 min at
0 °C, quenched with H,O (100 ml). The mixture was then
extracted with CH,Cl, (3X100 ml) and the combined
extracts were dried over Na,SQy,, filtered and concentrated.
Flash chromatography (hexane/EtOAc=10:1) provided
[(25),3aR,8aS8]-3a-(tert-butyldimethylsilyloxy)-8-(2-
methyl-3-trimethylacetoxypropyl)-3,3a,8,8a-tetrahydro-
2H-furo[2,3-blindole (6.9 g, 99% yield) as a light yellow
oil: [a]f —584 (¢ 1.66, CHCly); IR (KBr) 2956(s),
1730(s), 1612(s), 1489(s), 1288(m), 1255(m)
1034(m) cm ™~ '; "H NMR (270 MHz, CDCl;) 6 7.19 (1H,
d, J=17.6 Hz), 7.15 (1H, dd, /=17.9, 7.3 Hz), 6.69 (1H, dd,
J=17.6,7.3Hz), 6.41 (1H, d, J=7.9 Hz), 5.17 (1H, s), 4.05
(2H, m), 4.00 (1H, m), 3.50 (1H, m), 3.23 (2H, d, J=
7.3 Hz), 2.45 (1H, m), 2.30 (1H, m), 2.30 (1H, m), 1.24 (9H,
s), 1.03 (3H, d, J=6.6 Hz), 0.86 (9H, s), —0.15 (3H, s),
—0.20 (3H, s); *C NMR (67.5 MHz, CDCl;) 6 178.4,
151.1, 130.3, 129.8, 124.7, 117.4, 105.7, 103.8, 89.5, 66.9,
66.9,49.1,43.4,38.9,33.1,27.3 (3C), 25.6 (30), 18.0, 15.3,
—3.1, —3.6; HRMS (FAB, NBA, PEG200 + Nal matrix)
miz: 447.2814 [(M); Calcd for CosH, NO,4Si: 447.2805].

3.3.7. [(25),3aR,8aS]-3a-(tert-Butyldimethylsilyloxy)-8-
(2-carboxypropyl)-3,3a,8,8a-tetrahydro-2H-furo[2,3-
blindole. [(25),3aR,8aS]-3a-(tert-butyldimethylsilyloxy)-8-
(2-methyl-3-trimethylacetoxypropyl)-3,3a,8,8a-tetrahydro-
2H-furo[2,3-b]indole (9.4 g, 21.0 mmol) was diluted 3.0 N
KOH in EtOH/H,O (2/1 v/v)(210 ml), and the resultant
mixture was stirred for 17.5 h at room temperature. The
mixture was then diluted with H,O (200 ml) and resultant
mixture was extracted with Et,O (3X300 ml). The
combined extracts were dried over Na,SQ,, filtered and
concentrated. The crude alcohol (—)-40 was used for the
next step without purification.

To a solution of (—)-40 in CH,Cl, (105 ml) at 0 °C was
added DMSO (22.4 ml, 315 mmol), Et3N (14.7 ml, 105 ml)
and SO3-Py (8.7 g, 54.7 mmol). The solution was stirred for
110 min at room temperature, and then quenched with H,O
(200 ml). The resultant mixture was extracted with CH,Cl,
(3200 ml), dried over Na,SOy, and filtered. Evaporation
of the solvent afforded the crude aldehyde, which was used
for next step without further purification.

At room temperature to a solution of the crude aldehyde and
2-methyl-2-butene in fBuOH (210 ml) was added a solution
of NaClO, (19.0 g, 210 mmol) and NaH,PO, (37.7 g,
273 mmol) in H,O (105 ml). The solution was stirred for
10 min at room temperature and then quenched with
saturated aqueous NH4Cl (250 ml). The resultant mixture
was extracted with CHCl; (3X500 ml) and combined
extracts were dried over Na,SQy, filtered and concentrated.
Flash chromatography (CHCl3/MeOH=1:0~50:1) pro-
vided [(25),3aR,8aS]-3a-(tert-butyldimethylsilyloxy)-8-(2-
carboxypropyl)-3,3a,8,8a-tetrahydro-2H-furo[2,3-b]indole
(6.5 g, 82% yield, 3 steps) as a light orange oil: [a] —78.3
(c 1.69, CHCl3); IR (KBr) 2954(s), 1711(s), 1610(s),
1491(s), 1466(m), 1257(m), 1142(s) 1034(m)cm'; 'H
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NMR (270 MHz, CDCls) 6 7.19 (1H, d, J=6.9 Hz), 7.16
(1H,dd,J=7.9,7.6 Hz), 6.71 (1H, dd, J="7.6, 6.9 Hz), 6.48
(1H,d, J=7.9 Hz), 5.22 (1H, s), 3.98 (1H, m), 3.57 (1H, dd,
J=14.2, 7.6 Hz), 3.45 (1H, m), 3.41 (1H, dd, J=14.2,
6.9 Hz), 2.96 (1H, m), 2.45 (1H, m), 2.29 (1H, m), 1.27 (3H,
d, /=6.9 Hz), 0.85 (9H, s), —0.23 (3H, s), —0.26 (3H, s);
13C NMR (67.5 MHz, CDCl5) 6 181.7, 151.1, 130.6, 130.4,
125.1, 118.2, 106.4, 103.1, 89.9, 67.5, 49.0, 43.8, 40.1, 26.1
(30), 184, 15.7, —3.2, —3.4; HRMS (FAB, NBA matrix)
miz: 377.1994 [(M)"; Calcd for CyoHs;NO,Si: 377.2022].

3.3.8. [(25),3aR,8aS]-3a-(tert-Butyldimethylsilyloxy)-8-
(2-methoxycarbonylpropyl)-3,3a,8,8a-tetrahydro-2H-
furo[2,3-blindole (—)-34. At room temperature a solution
of [(25),3aR,8aS]-3a-(tert-butyldimethylsilyloxy)-8-(2-car-
boxypropyl)-3,3a,8,8a-tetrahydro-2H-furo[2,3-b]indole
(1.2 g, 3.18 mmol) in benzene/MeOH (10/1 v/v) (32 ml)
was added TMSCHN, (2.0 M in hexane, 1.9 ml, 3.8 mmol)
and the solution was stirred for 30 min at room temperature.
The resultant mixture was concentrated in vacuo. Flash
chromatography (hexane/EtOAc=50:1) provided (—)-34
(1.14 g, 92% yield) as a light yellow oil: [a]} —79.5 (¢
1.17, CHCl;); IR (KBr) 2931(m), 1741(s), 1610(m),
1491(s), 1464(m), 1317(m), 1257(m), 1142(s),
1038(s) cm ™~ '; 'H NMR (270 MHz, CDCl;) 6 7.18 (1H, d,
J=173Hz),7.15(1H,dd, J=17.9,7.6 Hz), 6.69 (1H, dd, J=
7.6,7.3 Hz), 6.46 (1H, d, J=7.9 Hz), 5.19 (1H, s), 4.00 (1H,
m), 3.65 (3H, s), 3.56 (1H, dd, J=14.2, 7.9 Hz), 3.43 (1H,
m), 3.38 (1H, dd, J=14.2, 6.6 Hz), 2.93 (1H, m), 2.44 (1H,
m), 2.28 (1H, m), 1.23 (3H, d, J=7.3 Hz), 0.85 (9H, s),
—0.18 (3H, s), —0.20 (3H, s); *C NMR (67.5 MHz,
CDCl53) 6 175.8, 150.7, 130.1, 129.8, 124.6, 117.5, 105.8,
102.5, 89.5, 66.9, 51.6, 48.7, 43.4, 39.5, 25.6 (3C), 17.9,
154, —3.3, —3.9; HRMS (FAB, NBA matrix) m/z:
391.2180 [(M)™; Calcd for C,;H33NO,Si: 391.2179].

3.3.9. [(25,35),3aR,8aS]-3a-(tert-Butyldimethylsilyloxy)-
8-(3-hydroxy-2-methoxycarbonyl-2,4-dimethyl-4-pent-
enyl)-3,3a,8,8a-tetrahydro-2H-furo[2,3-b]Jindole 41. To a
solution of LDA (0.5M in THF, 0.60 ml, 0.30 mmol) at
—78 °C was added (—)-34 (47 mg, 0.12 mmol) in THF
(0.60 ml) dropwise. The solution was stirred for 2 h, and
then a solution of 14 (30 ul, 0.36 mmol) in THF (0.73 ml)
was added. The reaction was stirred for 6 min at —78 °C
and then quenched with saturated aqueous NH4Cl (2 ml),
warmed to room temperature and stirred 5 min further. The
resultant mixture was extracted with EtOAc (3 X 10 ml) and
the combined extracts were dried over Na,SQ,, filtered and
concentrated. Preparative TLC (hexane/EtOAc=5:1) furn-
ished 41 (54 mg, 96% yield) as a light ]yellow oil: IR (KBr)
3437, 1734, 1610, 1487, 1464 cm ™ '; "H NMR (270 MHz,
CDCl3) 6 7.19 (complex 2H), 6.78-6.48 (complex m, 2H),
5.10-4.63 (complex m, 3H), 4.15-3.45 (complex m, 5H),
3.72,3.70, 3.65, 3.64 (s, total 3H), 2.38 (m, 2H), 1.73, 1.67,
1.57 (s, total 3H), 1.29, 1.26, 1.24 (s, total 3H), 0.91, 0.85,
0.81, 0.75 (s, total 9H), —0.14, —0.15, —0.19, —0.20,
—0.21 (s, total 6H); HRMS (FAB, NBA, Nal matrix) m/z:
484.2493 [(M+Na)*, Caled for C,sH39OsNSiNa:
484.2495].

3.3.10. [(25),3aR,8aS]-3a-(tert-Butyldimethylsilyloxy)-8-
(2-methoxycarbonyl-2,4-dimethyl-3-o0xo-4-pentenyl)-
3,3a,8,8a-tetrahydro-2H-furo[2,3-b]indole (—)-42. At

room temperature a solution of 41 (7.6 mg, 0.017 mmol)
in CH,Cl, (0.83 ml) was treated with Dess—Martin periodi-
nane (21 mg, 0.049 mmol), and the solution was stirred for
35 min quenched with H,O (2 ml). The resultant mixture
was extracted with CHCl; (3 X5 ml) and the combined
extracts were dried over Na,SQ,, filtered and concentrated.
Preparative TLC (17% EtOAc/hexanes) grovided (—)-42
(7.4 mg, 98%) as a light yellow oil: [oz]zD —86.0 (c 0.57,
CHCL,); IR (KBr) 1739, 1676, 1610, 1486, 1464 cm ™ '; '"H
NMR (270 MHz, CDCls) 6 7.18 (d, J=7.6 Hz, 1H), 7.14
(dd,J=7.9,7.3 Hz, 1H), 6.71 (dd, J=7.6,7.3 Hz, 1H), 6.13
(d, J=7.9 Hz, 1H), 5.72, 5.70 (s, each 1H), 5.08 (s, 1H),
4.14 (d, J=15.2 Hz, 1H), 3.96, (m, 1H), 3.65 (s, 3H), 3.64
(d, J=15.2 Hz, 1H), 3.39 (m, 1H), 2.43, 2.26 (m, each 1H),
1.90 (s, 3H), 1.59 (s, 3H), 0.86 (s, 9H), —0.16, —0.17 (s,
each 3H); '*C NMR (67.5 MHz, CDCls) 6 198.6, 174.0,
151.8, 142.7, 130.3, 129.8, 124.6, 123.7, 118.1, 106.5,
102.9, 89.6, 66.7, 58.0, 52.5, 52.5, 43.8, 25.7, 20.7, 19.2,
18.0, —3.2, —3.8; HR-MS (FAB, NBA, Nal matrix) m/z:
482.2390 [(M+Na) ™, Calcd for CpsH;,05NSi: 482.2339].

3.3.11. 3-Trimethylsilyl-2-diethylphosphonopropionic
acid ethyl ester. To a solution of NaH (84 mg,
2.10 mmol, 60% in mineral oil) in DME (2.0 ml) at 0 °C
was added a solution of (EtO),P(O)CH,CO,Et 43 (400 pl,
2.00 mmol) dropwise. After being stirred for 30 min at room
temperature,  (iodomethyl)trimethylsilane (359 pl,
2.40 mmol) was added, and mixture was warmed to 70 °C
for 2 h 20 min. Saturated aqueous NH,4CI (5 ml) was added
to quench the reaction, and the aqueous mixture was
extracted with CHCl; (3 X 10 ml) and the combined extracts
were dried over Na,SQ,, filtered and concentrated. Flash
chromatography (hexane/EtOAc=2:1) provided 3-tri-
methylsilyl-2-diethylphosphonopropionic acid ethyl ester
(596 mg, 1.92 mmol, 96% yield) as a colorless oil: IR (KBr)
2981(m), 1736(s), 1323(m), 1252(s), 1055(s), 1028(s) cm ™ ';
"H NMR (270 MHz, CDCls) 6 4.12 (6H, m), 2.91 (1H, m),
1.29 (6H, t, J=6.9 Hz), 1.25 (3H, t, J=6.9 Hz), 1.22 (1H,
m), 1.00 (1H, m), —0.03 (9H, s); HRMS (FAB, NBA
matrix) m/z: 311.1441 [M+H)™; Caled for C;,H,305PSi:
311.1444].

3.3.12. 2-Trimethylsilylmethyl-2-heptenoic acid ethyl
ester 44 (Z:E=3:1). To a solution of 3-trimethylsilyl-2-
diethylphosphonopropionic acid ethyl ester (85 mg,
0.27 mmol) in DME (1.4 ml) at 0°C was added NaH
(14 mg, 0.36 mmol, 60% in mineral oil). After being stirred
for 15 min at room temperature, valeraldehyde (38 pl,
0.36 mmol) was added, and mixture was stirred for 7 min.
Saturated aqueous NH4C1 (3 ml) was added to quench the
reaction, and the aqueous mixture was extracted with CHCl3
(3X7ml) and the combined extracts were dried over
Na,SO,, filtered and concentrated. Flash chromatography
(hexane/EtOAc=100:1) provided 44 (56 mg, 0.23 mmol,
85% yield, Z: E=3: 1) as a colorless oil: IR (KBr) 2958(m),
1713(s), 1248(s), 1173(m) cm ™~ .

Z-isomer. '"H NMR (270 MHz, CDCls) 6 6.60 (1H, t, J=
7.3 Hz), 4.16 (2H, q, J=7.3 Hz), 2.09 (2H, m), 1.80 (2H,
bs), 1.38 (4H, m), 1.28 (3H, t, J=7.3 Hz), 0.91 (3H, t, J=
6.9 Hz), —0.01 (9H, s); '*C NMR (67.5 MHz, CDCl;) 6
169.5, 139.7, 131.0, 61.4, 32.0, 29.9, 23.6, 18.3, 15.3, 15.0,
0.0 (3C)
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E-isomer. '"H NMR (270 MHz, CDCl;) ¢ 5.65 (1H, t, J=
7.6 Hz), 4.16 (2H, q, J=7.3 Hz), 2.38 (2H, m), 1.71 (2H,
bs), 1.38 (4H, m), 1.28 (3H, t, J=7.3 Hz), 0.88 3H, t, J=
7.3 Hz), —0.03 (9H, s); *C NMR (67.5 MHz, CDCl;) 6
169.6, 140.2, 130.2, 61.0, 33.0, 30.4, 25.1, 23.5, 15.3, 15.0,
—0.6 (3C); MS (FAB, NBA matrix) m/z: 243 [M+H] .

3.3.13. 2-Trimethylsilylmethyl-2-heptenoic acid. At room
temperature 44 (54 mg, 0.22 mmol, Z: E=3: 1) was
dissolved in 20% H,O-EtOH solution and KOH (38 mg,
0.67 mmol) was added. The mixture was warmed to 85 °C
and stirred for 3 h 20 min. After being cooled to room
temperature, the reaction mixture was diluted with saturated
aqueous NH4Cl (2ml) and CHCl; (5 ml), and then
neutralized with 1.0 N aqueous HCI solution. The mixture
was extracted with CHClz (3X5 ml) and the combined
extracts were dried over Na,SQ,, filtered and concentrated.
Flash chromatography (hexane/EtOAc=3:1) provided
2-trimethylsilylmethyl-2-heptenoic acid (35 mg,
0.16 mmol, 72% yield, Z: E=5.5: 1) as a colorless oil: IR
(KBr) 2958(m), 1684(s), 1248(m) cm !

Z-isomer. '"H NMR (400 MHz, CDCl3) 6 6.77 (1H, t, J=
7.3 Hz),2.12 (2H, m), 1.80 (2H, bs), 1.38 (4H, m), 0.91 (3H,
t, J=7.3 Hz), 0.01 (9H, s); *C NMR (100 MHz, CDCl;) 6
174.0, 141.5, 129.3, 30.8, 29.0, 22.5, 16.9, 13.9, — 1.1 (3C).

E-isomer. "H NMR (400 MHz, CDCl3) 6 5.84 (1H, t, J=
7.5 Hz), 2.48 (2H, m), 1.74 (2H, bs), 1.38 (4H, m), 0.90 (3H,
t, J=7.0 Hz), 0.00 (9H, s); "°C NMR (100 MHz, CDCls) 6
174.2, 142.9, 128.3,31.9, 29.6, 23.7, 22.4, 13.9, — 1.7 (3C);
HRMS (FAB, NBA, PEG200+ Nal matrix) m/z: 237.1275
[(M+Na)*; Caled for C,;H»,0,SiNa: 237.1287].

3.3.14. (Z)-2-Trimethylsilylmethyl-2-heptenoyl chloride
33b. At room temperature 2-trimethylsilylmethyl-2-
heptenoic acid (66.3 mg, 0.31 mmol) was dissolved in
SOCl, (0.77 ml) and the mixture was warmed to 80 °C and
stirred for 4 h. The resultant mixture was concentrated,
which was afforded 33b (77 mg, 0.31 mmol, 100% yield) as
a light brown oil. The product was not measured and was
used in next step.

3.3.15. 2-(1-Hydroxyethyl)-3-trimethylsilylhexanoic acid
ethyl ester 46. To a solution of hexamethyldisilane
(1.21 ml, 5.9 mmol) in HMPA (4.7 ml) at 0 °C was added
MeLi (1.14 M in Et,0, 4.11 ml, 4.7 mmol). After being
stirred for 15 min at O °C, the solution was diluted with THF
(23.4 ml) and cooled to —78 °C. A solution of 45 (500 mg,
3.52 mmol) in THF (7.0 ml) was added, and mixture was
stirred for 5 min. Acetaldehyde (593 pl, 10.6 mmol) was
then added, and the resultant mixture was stirred for 7 min
at —78°C and then quenched with saturated aqueous
NH,CI (10 ml), warmed to room temperature and stirred for
5 min further. The resultant mixture was extracted with
AcOEt (100 ml) and the extracts was washed with H,O (3 X
30 ml). The AcOEt solution was dried over Na,SQ,, filtered
and concentrated. Flash chromatography (hexane/EtOAc =
20:1) provided 46 (660 mg, 2.54 mmol, 72% yield) as a
colorless oil: IR (KBr) 3448(s), 2958(m), 1730(s), 1377(m),
1248(s) cm ™ ; "H NMR (270 MHz, CDCl5) 6 4.12 (2H, m),
4.07 (1H, m), 2.50 (1H, m), 1.46 (1H, m), 1.41 (4H, m), 1.26
(3H, m), 1.18 (3H, d, J=6.6 Hz), 0.86 (3H, t, /=6.9 Hz),

0.06 (9/11H, s), 0.04 (18/11H, s), 0.01 (36/11H, s), —0.01
(36/11H, s); MS (FAB, NBA matrix) m/z: 261 [M+H] ™.

3.3.16. 2-(1-Methanesulfonyloxyethyl)-3-trimethylsilyl-
hexanoic acid ethyl ester. At room temperature a solution
of 46 (401 mg, 1.54 mmol) and iPr,NEt (672 pl,
3.86 mmol) in CH,Cl, (7.7 ml) was treated with MsCl
(239 pl, 3.08 mmol), and the reaction mixture was stirred
for 10 min, quenched with H,O (10 ml), extracted with
CHCI; (3X15ml) and the combined extracts were dried
over Na,SQ,, filtered and concentrated. Flash chromato-
graphy (hexane/EtOAc=15:1) provided 2-(1-methane-
sulfonyloxyethyl)-3-trimethylsilylhexanoic acid ethyl ester
(501 mg, 1.48 mmol, 96% yield) as a light yellow oil: IR
(KBr) 2958(m), 1732(s), 1358(m), 1249(m), 1178 (s) cm ™~ ';
"H NMR (270 MHz, CDCls) 6 5.07 (1H, m), 4.13 (2H, m),
3.02 (1H, s), 2.97 (1/2H, s), 2.95 (3/2H, s), 2.78 (1H, m),
1.50 (1H, m), 1.45 (4H, m), 1.29 (3H, m), 1.28 (3H, m), 0.91
(3H,t,J=7.3 Hz), 0.06 (9H, s); HRMS (FAB, NBA matrix)
mlz: 361.1501 [(M+Na)*; Caled for C;4H;,OsSSiNa:
361.1481].

3.3.17. 2-Ethylidene-3-trimethylsilylhexanoic acid. At
room temperature 2-(1-methanesulfonyloxyethyl)-3-tri-
methylsilylhexanoic acid ethyl ester (49 mg, 0.146 mmol)
was dissolved in 1.5 N KOH in 20% H,O-EtOH. The
mixture was warmed to 85 °C and stirred for 39 h. After
being cooled to room temperature, the reaction mixture was
diluted with H,O (2 ml) and CHCI; (3 ml), and then
neutralized with 1.0 N aqueous HCI solution. The mixture
was extracted with CHCl; (3X5 ml) and the combined
extracts were dried over Na,SQ,, filtered and concentrated.
Flash chromatography (hexane/EtOAc=3:1) provided
2-ethylidene-3-trimethylsilylhexanoic acid (31 mg,
0.146 mmol, 100% yield, Z: E=4: 1) as a light yellow oil:
IR (KBr) 2956(m), 1684(s), 1248(m) cm ™~ ".

Z-isomer: '"H NMR (400 MHz, CDCl3) 6 6.94 (1H, q, J=
7.2 Hz), 2.03 (1H, m), 1.78 (3H, d, J=7.2 Hz), 1.78 (1H,
m), 1.47 (1H, m), 1.34 (1H, m), 1.13 (1H, m), 0.86 (3H, t,
J=7.2Hz), 0.01 (9H, s); >*C NMR (100 MHz, CDCl5)
173.9, 137.5, 134.8, 30.4, 28.1, 22.9, 14.7, 13.9, — 1.5 (3C);

E-isomer: 'H NMR (400 MHz, CDCl5) 6 5.86 (1H, q, J=
7.3 Hz), 2.03 (1H, m), 2.03 (3H, d, J=7.3 Hz), 1.78 (1H,
m), 1.47 (1H, m), 1.35 (1H, m), 1.15 (1H, m), 0.87 (3H, t,
J=7.5Hz), —0.02 (9H, s); *C NMR (100 MHz, CDCls) &
174.9, 1349, 133.8, 32.1, 31.5, 21.8, 16.1, 13.9, —2.7
(3C);HRMS (FAB, NBA matrix) m/z: 214.1375 [(M)™";
Calcd for C;,H,,0,Si: 214.1389].

3.3.18. (Z)-2-Ethylidene-3-trimethylsilylhexanoic acid
ethyl ester 33a. At room temperature 2-ethylidene-3-
trimethylsilylhexanoic acid (58.6 mg, 0.27 mmol) was
dissolved in SOCl, (0.68 ml) and the mixture was warmed
to 80 °C and stirred for 4 h. The resultant mixture was
concentrated, which was afforded 33a (68 mg, 0.27 mmol,
100% yield) as a light brown oil. The product was not
measured and was used in next step.

3.3.19. (Z)-[(25),3aR,8aS]-3a-(tert-Butyldimethylsily-
loxy)-8-(2-methoxycarbonyl-2-methyl-4-trimethylsilyl-
methyl-3-0x0-4-nonenyl)-3,3a,8,8a-tetrahydro-2H -
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furo[2,3-blindole (—)-32b. To a solution of LDA (0.5 M in
THF, 0.79 ml, 0.39 mmol) at —78 °C was added (—)-34
(60.6 mg, 0.155 mmol) in THF (0.77 ml) dropwise. The
solution was stirred for 2 h, and then a solution of 33b
(77 mg, 0.31 mmol) in THF (0.62 ml) was added. The
reaction was stirred for 5 min at —78 °C and then quenched
with H,O (3 ml) and saturated aqueous NH,Cl (3 ml),
warmed to room temperature and stirred 5 min further. The
resultant mixture was extracted with EtOAc (3 X 10 ml) and
the combined extracts were dried over Na,SQ,, filtered and
concentrated. Preparative TLC (hexane/EtOAc=8:1) furn-
ished (—)-32b (90 mg, 0.154 mmol, 99% yield) as a light
yellow oil: [a]d —104.0 (¢ 0.85, CHCl5); IR (KBr) 2954(s),
1738(s), 1662(s), 1610(m), 1487(s), 1466(m), 1250(s),
1140(s), 1045(m)cm™'; 'H NMR (270 MHz, CDCl;) 6
7.17 (1H,d, J=7.3 Hz), 7.13 (1H, dd, J=17.9, 7.3 Hz), 6.71
(1H, dd, J=7.3,7.3 Hz), 6.44 (1H, d, J=7.9 Hz), 6.29 (1H,
t, J=7.3 Hz), 5.04 (1H, s), 4.13 (1H, d, J=15.2 Hz), 3.97
(1H, m), 3.63 (3H, s), 3.61 (1H, d, J=15.2 Hz), 3.40 (1H,
m), 2.42 (1H, m), 2.25 (1H, m), 2.14 (2H, m), 1.84 (1H, d,
J=13.5Hz), 1.75 (1H, d, J=13.5 Hz), 1.61 (3H, s), 1.36
(4H, m), 0.91 (3H, t, J=6.9 Hz), 0.86 (9H, s), 0.00 (9H, s),
—0.14 (3H, s), —0.16 (3H, s); '*C NMR (67.5 MHz,
CDCl3) 6 199.0, 175.5, 153.0, 140.5, 138.6, 131.6, 130.7,
125.4,118.9, 107.5, 103.6, 90.6, 67.6, 58.4, 54.1, 53.0, 44.9,
31.8, 30.3, 26.6 (3C), 23.4, 22.6, 18.9, 17.8, 14.8, 0.0 (30),
—2.3, —2.9; HRMS (FAB, NBA matrix) m/z: 587.3465
[(M)™"; Caled for Cs,Hs3NOsSi,: 587.3462].

3.3.20. (+)-Madindoline B (+)-2. At room temperature a
solution of (—)-32b (8.5 mg, 0.0145 mmol) in DMF
(1.45 ml) was treated with tris(dimethylamino)sulfur(tri-
methylsilyl)difluoride (19.9 mg, 0.0724 mmol). The reac-
tion mixture was stirred for 30 min, and then quenched with
H,O (3 ml), extracted with CHCIl; (3X6 ml), and the
combined extracts were dried over Na,SQ,, filtered and
concentrated. Preparative TLC (CHCls/acetone=9:1)
furnished (+)-madindoline B (+)-2 (3.0 mg,
0.0081 mmol, 56% yield) as a light yellow crystal; mp
115-116 °C; [a]d +85.3 (¢ 0.45, MeOH); IR (KBr)
3429(s), 2931(m), 1738(w), 1692(s), 1612(m), 1489(m),
1383(m), 1282 (m)cm ™~ '; '"H NMR (270 MHz, CDCl5) 6
7.19 (1H, m), 7.19 (1H, m), 6.74 (1H, dt, J=7.2, 1.0 Hz),
6.62 (1H, d, J=8.2 Hz), 491 (1H, s), 3.84 (1H, ddd, J=
12.0, 7.8, 1.5 Hz), 3.69 (1H, d, /J=14.8 Hz), 3.48 (1H, d,
J=14.8 Hz), 3.16 (1H, ddd, J=12.0, 9.1, 5.0 Hz), 2.46 (1H,
m), 2.37 (1H, m), 2.33 (1H, ddd, /=12.0, 7.9, 1.5 Hz), 2.19
(1H, ddd, J=12.0, 5.0, 1.5 Hz), 1.94 (3H, s), 1.39 (2H, m),
1.26 (2H, m), 1.13 (3H, s), 0.86 (3H, t, J=7.0 Hz); "°C
NMR (67.5 MHz, CDCl3) 6 206.6, 205.6, 160.3, 153.7,
150.4, 130.5, 129.4, 123.5, 119.0, 107.8, 105.1, 87.9, 66.7,
52.1, 50.5, 41.2, 29.5, 24.0, 22.9, 17.5, 13.8, 9.1; HRMS
(FAB, NBA matrix) m/z: 369.1943 [(M)"; Calcd for
C22H27NO4: 3691940]

3.3.21. (Z)-[(2S),3aR,8aS]-3a-(tert-Butyldimethylsilyl-
oxy)-8-(4-ethylidene-2-methoxycarbonyl-2-methyl-5-tri-
methylsilyl-3-oxo-octanyl)-3,3a,8,8a-tetrahydro-2H-
furo[2,3-blindole 32a. For small scale. To a solution of
LDA (0.5M in THF, 0.70 ml, 0.34 mmol) at —78 °C was
added (—)-34 (53.5 mg, 0.137 mmol) in THF (0.69 ml)
dropwise. The solution was stirred for 2 h, and then a
solution of 33a (68 mg, 0.27 mmol) in THF (0.55 ml) was

added. The reaction was stirred for 6 min at —78 °C and
then quenched with H,O (3 ml) and saturated aqueous
NH,Cl (2 ml), warmed to room temperature and stirred
5 min further. The resultant mixture was extracted with
EtOAc (3 X7 ml) and the combined extracts were dried over
Na,S0Oy, filtered and concentrated. Preparative TLC
(hexane/EtOAc=38:1) furnished 32a (70 mg, 0.120 mmol,
88% yield) as a light yellow oil: IR (KBr) 2954(s), 1740(s),
1664(s), 1610(s), 1487(s), 1466(m), 1248(s), 1142(s),
1045(m) em ™ '; 'H NMR (270 MHz, CDCl3) 6 7.17 (1H,
d, J=7.3Hz), 7.14 (1H, dd, J=7.9, 7.6 Hz), 6.70 (1H, dd,
J=17.6,7.3Hz), 648 (1H, d, J=7.9 Hz), 6.46 (1H, d, J=
6.9 Hz), 5.00 (1H, s), 4.07 (1H, d, J=15.2 Hz), 3.96 (1H,
m), 3.65 (1H, d, J=15.2 Hz), 3.64 (3H, s), 3.40 (1H, m),
2.43 (1H, m), 2.26 (1H, m), 1.76 (3H, d, /J=6.9 Hz)1.61
(3H, s), 1.61 (1H, m), 1.61 (1H, m), 1.43 (1H, m), 1.25 (1H,
m), 1.14 (1H, m), 0.87 (9H, s), 0.86 (3H, t, J=6.9 Hz), 0.01
(9H, s), —0.14 (3H, s), —0.15 (3H, s); 'C NMR
(67.5 MHz, CDCl3) 6 200.3, 175.8, 153.4, 145.3, 135.7,
131.3, 131.0, 125.7, 119.1, 107.8, 103.1, 90.9, 68.0, 59.1,
53.4,53.2,45.2,31.6,30.0,26.8 (3C), 24.0,22.7, 19.1, 16.0,
15.2, 0.0 (3C), —2.0, —2.7; HRMS (FAB, NBA matrix)
miz: 588.3554 [M+H)"; Caled for Cs3,HssNOsSi,:
588.3541].

For large scale. Following the procedure described above
for the preparation of 32a, C-acylation of (—)-34 (1.94 g,
4.96 mmol) and 2.0 equiv of 33a gave 32a (2.45 g, 84%).
Total 9.5 g of 32a was prepared in this manner.

3.3.22. (+)-Madindoline A (+)-1. For small scale. At
70 °C a solution of 32a (9.5 mg, 0.0145 mmol) in DMF
(1.62 ml) was treated with tetrabutylammonium triphenyl-
difluorosilicate (48.1 mg, 0.0809 mmol). The reaction
mixture was stirred for 1 h 45 min, and then cooled to
room temperature and quenched with H,O (2 ml), extracted
with CHCI; (3X6 ml), and the combined extracts were
dried over Na,SQ,, filtered and concentrated. Preparative
TLC (CHCls/acetone =9:1) furnished (+ )-madindoline A
(+)-1 (3.1 mg, 0.0084 mmol, 52% yield) as a light yellow
crystal; mp 83-86 °C; [l +65.1(c 1.56, MeOH); IR
(KBr) 3400(s), 2933(m), 1740(w), 1695(s), 1605(m),
1487(m), 1382(m)cm ™ '; 'H NMR (270 MHz, CDCl5) 6
7.20 (1H, m), 7.19 (1H, m), 6.76 (1H, dt, J=7.3, 0.5 Hz),
6.63 (1H, d, /=79 Hz), 4.93 (1H, s), 3.85 (1H, m), 3.70
(1H, d, J=14.5Hz), 3.46 (1H, d, J=14.5Hz), 3.16 (1H,
m), 2.39 (1H, m), 2.37 (1H, m), 2.34 (1H, dd, /=12.0,
8.0 Hz), 2.18 (1H, ddd, J=12.0, 5.0, 1.5 Hz), 2.00 (3H, s),
1.29 (2H, m), 1.19 (2H, m), 1.13 (3H, s), 0.77 3H, t, J=
6.9 Hz); '*C NMR (67.5 MHz, CDCl5) ¢ 206.4, 206.3,
157.7, 156.6, 150.5, 130.5, 129.5, 123.5, 119.1, 108.0,
106.2, 87.9, 66.6, 53.7, 50.6, 41.1, 29.9, 23.5, 22.7, 17.3,
13.6, 9.4; HRMS (FAB, NBA matrix) m/z: 370.2017 [(M +
H)™; Calcd for C»,H,sNO,: 370.2018].

For large scale. Following the procedure described above
for the preparation of (+)-madindoline A, cyclization and
deprotection of 32a (2.06 g, 3.51 mmol) with 5.0 equiv of
TBAT (10.4 g, 17.6 mmol) gave (+)-madindoline A
(544 mg, 1.47 mmol, 42%). Total 2.1 g of (+ )-madindoline
A was prepared in this manner.
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3.4. Preparation of radioactive (+)-1

To a solution of (+)-madindoline A (4.2 mg, 0.011 mmol)
in #-BuOH (0.3 ml) at room temperature was added [3H]20
(37 GBq(1 Ci)/g, 0.5 ml), followed by -BuOK (45 mg,
0.40 mmol). The solution was stirred for 20 h at room
temperature and quenched with saturated aqueous NH,Cl
(5.0 ml). The mixture was then extracted with CHCl5 (3 X
7 ml) and the combined extracts were dried over Na,SOy,
filtered and concentrated. HPLC (PEGASIL-B ODS 20¢ X
250 mm column; mobile phase, 50% CH;CN/H,O; Flow
rate, 9.0 ml/min; Detection, UV at 210 nm) provided [3 H]-
(+)-madindoline A (4.2 mg, 442.8 MBg/mmol) as a light
yellow crystal.
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Abstract—A polystyrene-supported palladium complex soluble in tetrahydrofuran and N,N-dimethylacetamide and precipitated in diethyl
ether or acetonitrile was prepared from two routes as an excellent and recyclable palladacycle catalyst for carbon—carbon bond formation in

Heck and Suzuki reactions to give high yields of the desired products.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The advantage of using soluble polymers to recover
catalysts and ligands has its origins in the synthetic
approaches to peptide and oligonucleotide synthesis that
were developed in the labs of Merrifield and Letsinger in the
1960s."? Although soluble polymers were common 40 years
ago, but they did not receive as much attention for using as
catalyst supports as was the case for their cross-linked,
insoluble analogues. However, the uses of soluble polymer
systems have substantially expanded in recent years due to
the point that soluble polymers are no longer uncommon as
supports for catalysts and ligands.> On the other hand,
palladacycles have been known for over 20 years; yet they
have been used as catalysts recently.®'” Nitrogen-,
phosphorus-, and sulfur-containing palladacycles are
emerging as a new family of palladium catalyst precursors,
and they have recently, become the most simple and
efficient catalyst in applying to Heck-Mizoroki, Suzuki-
Miyaura and Sonogashira reactions.'' Herrmann and his
co-workers have demonstrated that Herrmann’s pallada-
cycle catalyst 1 is thermally stable and efficient catalyst for
Heck-Mizoroki, Suzuki-Miyaura, and Sonogashira reac-
tions.'>™'® It also had been shown to have high reactivity
toward arylation of olefins with aryl chlorides.'® Although
the palladacycle catalyst, as Herrmann reported, have high
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reactivity to promote a lot of reactions, only a few reports on
the recovery of palladacycle catalysts were reported in the
literature.'”>* In addition, phosphorus-containing poly-
styrene was generally used as the ligand to trap and reuse Pd
catalysts after the reaction.”* In this paper, we sum-
marized two synthetic routes for the synthesis of a
polystyrene-supported palladacycle catalyst 2 which can
be used as an efficient recyclable palladium catalyst for
running Heck-Mizoroki and Suzuki-Miyaura reaction.’’

2. Results and discussion

The two synthetic routes of the polystyrene-supported
palladacycle catalyst are shown in Scheme 1. In the first
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Scheme 1. Two routes for the synthesis of polystyrene-supported pallacycle catalyst 2.

route, trans-di(p-acetato)-bis[2-(diphenylphosphino)-4-
vinylbenzyl]dipalladium(Il) 4 was synthesized from
3-(diphenylphosphino)-4-methylstyrene 3 by heating with
palladium acetate in toluene at 50 °C.**> Compound 3 was
prepared in moderate yield by bromination (Bro/AlCI3)** of
4-methylaceto-phenone followed by the reduction (LAH/
ether), dehydration (KHSO4)34 and c0u3p11ng with chloro-
diphenylphosphine (Mg/THF; CIPPh,).” Considering the
proper space around the palladium in the catalyst, the
palladacycle precursor 4 was copolymerized with 6 equiv of
styrene at 70 °C (Route 1) to give polystyrene-supported
palladacycle catalyst 2. Alternatively, the phosphine-con-
taining monomer 3 was copolymerized with 6 equiv of
styrene at 70 °C to form the phosphine-bound polystyrene 5,
which was then heating with Pd(II) acetate in toluene at
50 °C (Route 2) to form polystyrene-supported palladacycle
catalyst 2. The exterior deep dark brown color and their *'P
NMR and 'H NMR spectral data are the same for the
catalyst 2 obtained from Route 1 and Route 2. The total
yields for two routes via 4 and 5 for the preparation of
polystyrene-supported palladacycle catalyst 2 were 21 and
18%, respectively, on the basis of atomic absorption
analysis of palladium in 2. The phosphorous-containing
compounds were analyzed by solution phase *'P NMR in
CDCl;. The chemical shift of phosphous in 3 appeared at
—12 ppm as a singlet, while it was shifted to 17 ppm as a
singlet in 4. On the other hand, the methyl protons in 3
appeared at 2.36 ppm as a singlet, while the methylene
protons in 4 appeared at 3.63 ppm as a broad singlet in 'H
NMR spectrum. The signal of catalyst 2 in >'P NMR
spectrum was observed at 53 ppm before and after Heck
reaction, while the signal of catalyst 4 in °>'P NMR spectrum
observed at 17 ppm before Heck reaction but appeared at
17 ppm along with a new peak at 53 ppm after Heck
reaction (the peaks ratio at 17 and 53 ppm is about 7:3). The

peak at 53 ppm in >'P NMR spectrum became the sole peak
after six times recycling of the catalyst 4. Thus, the catalyst
4 was polymerized completely under the reaction con-
ditions. On the other hand, the chemical shift of phosphorus
in 5 appeared at — 12 ppm as a singlet. Gel permeation
chromatography analysis (mobile phase: THF, polystyrene
standards) indicated that M,, of catalyst 2 prepared from
Route 1 and Route 2 was 1.434 X 10* and 1.529 X 10* g/mol,
respectively. Atomic absorption spectrophotometer analysis
showed that palladium was containing at 86.39 and
82.91 mg of Pd per gram of 2 prepared from Route 1 and
Route 2, respectively.

To test the applicability of polystyrene-supported pallada-
cycle catalyst 2 obtained from the above two routes, we
examined the Heck reaction of methyl acrylate and various
aryl halide in the presence of NaOAc in N,N-dimethyl-
acetamide as shown in Table 1. Under various reaction
conditions, all the desired products were isolated in more
than 90% yields. Thus, the polystyrene-supported catalyst 2
can easily promote the Heck reaction of aryl bromides- and
iodides-containing with either electron-rich or electron-
withdrawing group (Eq. 1), which produced only one major
product as determined from GC and crude 'H NMR spectral
analysis. The polystyrene-supported catalyst 2 prepared
with other ratio of styrene (mole ratio of styrene/4=3 and 9)
were also synthesized and were run as the catalyst in the
above Heck reaction. Gel permeation chromatography
analysis (mobile phase: THF, polystyrene standards)
indicated that M, of catalyst 2 prepared from mole
ratio of styrene/4=3 and 9 was 1.126X 10" and 1.578 X
10* g/mol, respectively. No obvious difference was
observed in the results of the above Heck reaction among
these polystyrene-supported catalysts prepared from
different ratio of styrene/4. Thus, the reactivity of catalyst
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Table 1. Heck reaction of using polystyrene-supported catalyst 2
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=
o — cat. 2 z—+ |
A v\, X NN O (ea )
I NaOAc, DMA
O Z ’ (e}
100°C

X=8Br, |

Z = H, Me, OMe, CHO, CN.
Entry Haloarene Catalyst 2 (equiv) Temp (°C) Time (h) Iso. Yield (%)

Route 1 Route 2

1 Todobenzene 0.02 100 8 >99 99
2 Bromobenzene 0.05 130 48 97 98
3 4-Bromotoluene 0.05 130 48 95 93
4 4-Bromoanisole 0.05 130 48 92 92
5 2-Bromobenzaldehyde 0.002 100 10 >99 99
6 4-Bromobenzonitrile 0.02 100 10 >99 98

2 was proved to be similar to Herrmann’s palladacycle
catalyst 1. Furthermore, we also found that the reactivity of
polystyrene-supported palladacycle catalyst 2 obtained
from two different precursors were similar to each other
based on the yields of the above model Heck reaction,
although the catalyst 2 obtained from Route 2 gave a little
lower yields than that from Route 1.

The polystyrene-supported catalyst 2 was soluble in
tetrahydrofuran, N,N-dimethylacetamide, N,N-dimethylfor-
mamide, toluene, chloroform, dichloromethane and not very
soluble in methanol, acetonitrile, hexane, and diethyl ether.
Diethyl ether and acetonitrile were used here, to precipitate
our new catalyst 2. Salt removal was skipped due to the
palladacycle catalyst, which can be deactivated easily by
water. Probably, the phosphine ligand may form phosphine
oxide in the presence of water. The Heck reaction of
4-bromobenzonitrile and methyl acrylate (1.5 equiv) with
2mol% of catalyst 2 and NaOAc (1.5 equiv) in N,N-
dimethylacetamide at 100 °C was proceeded as the model
reaction. The results showed that the yield of the product
can be isolated more than 80% after recycled four times
with diethyl ether as the solvent to precipitate our
polystyrene-supported catalyst 2. Using acetonitrile as the
solvent may drop the yield of the product below 60% after
the 2nd run. The reactivity of Herrmann’s catalyst 1
diminished thoroughly after recycled two times in the

Table 2. Suzuki reaction of using polystyrene-supported catalyst 2

model reaction. We also found that the yield can be kept
more than 99% after recycling 6 times, using Et;N instead
of NaOAc as the base in the model Heck reaction. The 'H
NMR and IR spectra of the recycled palladium catalysts
showed no difference before and after recycling five times.
The elemental analysis for the repeating unit
(C142H3504P,Pd) in the polystyrene-supported palladium
catalyst found C, 82.124+0.5% and H, 6.70+0.5%
before and after recycling one to three times clearly
indicated the composition of the copolymer. Atomic
absorption spectrophotometer analysis showed that
palladium was containing at 85.43, 80.78, 74.13 mg of Pd
per gram of polymer after recycling one to three times,
respectively.

We also tested the applicability of catalyst 2 in Suzuki-
Miyaura cross-coupling reaction. Thus, the cross-coupling
of 2,5-dihexyloxy-1,4-benzenediboronic acid, prepared in
79% yield from the lithium-halogen exchange reaction of
2,5-dibromo-1,4-dihexyloxybenzene with n-butyllithium
followed by the treatment of trimethylborate and dilute
acid (2N HCI), with 2.5 equiv of bromoarene with or
without cyano groups at o-, m-, or p-positions in the
presence K,COj as the base and catalyst 2, prepared from
Route 1 and Route 2, in o-xylene could give p-terphenyls in
fair to good yields (72 to 88%) as shown in Table 2. The
results showed that the activities of the catalyst 2 prepared

OCgH13 Br Jy
B(OH), N 0.6 mole % cat. 2 '
ol (> (eq2)
(HO),B = K>CO3, o-xylene
OCgH13 2.5 equiv 130°C, 72 h YL OCgH1s
Y = H, 0-CN, m-CN, p-CN.
Entry Haloarene Iso. Yield (%)
Route 1 Route 2

1 Bromobenzene 85 88
2 2-Bromobenzenecarbonitrile 72 78
3 3-Bromobenzenecarbonitrile 74 83
4 4-Bromobenzenecarbonitrile 76 84
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from Route 1 and Route 2 were similar. Attempts to change
the base as Et;N or other solid bases (K3PO,, Cs,CO3) in the
above Suzuki-Miyaura cross-coupling reaction gave very
low yields (<20%).

3. Conclusion

We have synthesized via two routes in six steps with high
yields to a new polystyrene-supported palladacycle catalyst
2 which was successfully employed in the carbon—carbon
bond formation to give good yields in the Heck-Mizoroki
and Suzuki-Miyaura model studies. The simple precipi-
tation and filtration process to recycle the catalyst after our
model reactions for these reactions were noteworthy. Our
catalyst exhibited a high reactivity as Herrmann’s pallada-
cycle catalyst and, in addition, to its high reactivity, it gave
us a promising solution to lower the reaction cost by its good
recyclabilities in Heck-Mizoroki reaction of using pertinent
organic bases.

4. Experimental
4.1. General

4.1.1. Synthesis of 3-bromo-4-methylacetophenone.
Anhydrous aluminum chloride (30 g, 225 mmol) and one
magnetic stirrer bar were put into a 100 mL of two necked
round bottomed flask equipped with one septum at one neck
and a pressure-equalizer dropping funnel at the other neck.
Then, the flask was flushed with nitrogen through the
septum. 4-Methylacetophenone (13.3 mL, 100 mmol) was
added slowly from the dropping funnel to the stirred solid
over a period of 10 min. The flask was stirred continuously
for another 30 min after completion of the addition.
Bromine (5.7 mL, 110 mmol) was added, dropwise, to the
stirred, molten mass over a period of 5 min. The reaction
was completed when the stirred mass solidified and no more
hydrogen bromide was emitted. The solidified mass was
dropped, portionwise, into 3 N HCl aqueous solution
(250 mL). The dark oil at the bottom of the solution was
extracted by ether (3 X30 mL). The organic layer was then
washed by saturated NH,4Cl aqueous solution (50 mL), dried
over with MgSQ,, and concentrated to get the crude
product. The crude product was further purified by
distillation at low pressure [118 °C (3 mm Hg)] to give
18.53 g (87% yield) of the desired product. Mp 38-40 °C;
"H NMR (300 MHz, CDCl5) 6 2.46 (s, 3H), 2.58 (s, 3H),
7.33 (d, J=4.7 Hz, 1H), 7.79 (dd, J=4.7, 0.99 Hz, 1H),
8.12 (d, J=0.99 Hz, 1H); '*C NMR (75 MHz, CDCl5) 6
23.19, 26.52, 123.21, 127.08, 130.87, 132.32, 136.46,
143.53, 196.4; IR (neat) 3024, 1684, 1599, 1383, 1521,
1039, 958, 907, 831 cm ™ '; MS m/z 212 (M™), 199, 197,
171, 169, 89; HRMS calcd for CoHoOBr: 211.9837, found:
211.9840.

4.1.2. Synthesis of 1-(3-bromo-4-methyl-phenyl)ethanol.
LAH (6.45 g, 170 mmol) and one magnetic stirrer bar were
added into a 250 mL of round bottomed flask, which was
then closed with one septum and dried under vacuum
followed by filling with nitrogen. One part of dry ether
(50 mL) was first injected into the stirred LAH. The mixture

of 3-bromo-4-methylacetophenone (38 g, 180 mmol) in dry
ether (50 mL) was injected into the flask dropwisely.
Stirring was continued after the completion of addition of
3-bromo-4-methylacetophenone until no more gas was
generated. The mixture was poured into 2 N HCI aqueous
solution (240 mL), extracted with EAC (4X30 mL),
washed over saturated NH4Cl aqueous solution (50 mL),
dried over anhydrous MgSO,, and concentrated at low
pressure. The crude product was further purified by
distillation at low pressure [130 °C (4 mm Hg)] to give
31.35 g (81% yield) of the desired product as clear and pale
yellow liquid. "H NMR (300 MHz, CDCls) 6 1.47 (t, J=
6.4 Hz, 3H), 1.76 (s, 1H), 2.38 (s, 3H), 4.84 (q, /=6.4 Hz,
1H), 7.20 (s, 2H), 7.55 (s, 1H); >*C NMR (75 MHz, CDCls)
0 22.54, 25.16, 69.33, 124.30, 124.93, 129.34, 130.82,
136.88, 145.27; IR (neat) 3024, 2997, 2927, 1605, 1562,
1494, 1452, 1381, 1331, 1255, 1091, 1038, 1009, 908, 822,
733 cm” 'y MS m/z 214 (M), 199, 197, 171, 169, 119, 91;
HRMS calcd for CoH;;OBr: 213.9993, found: 213.9995.

4.1.3. Synthesis of 3-bromo-4-methyl-styrene. KHSO,
(0.55 g, 34 mmol), hydroquinone (0.142 g, 1.3 mmol), and
1-(3-bromo-4-methyl-phenyl)ethanol (17.2 g, 80 mmol)
were delivered into a 25 mL round bottomed flask, equipped
with a distillation equipment. The mixture was kept stirring.
The system was vacuumed at 3 mm Hg. The dehydration
and distillation processes [102 °C (3 mm Hg)] were pro-
ceeded at the same time. The isolated product was obtained
in 13.6 g (86% yield) as clear and golden yellow liquid. 'H
NMR (300 MHz, CDCl3) 6 2.37 (s, 3H), 523 (d, J=
10.9 Hz, 1H), 5.69 (d, /=17.6 Hz, 1H), 6.60 (dd, /=10.9,
17.6 Hz, 1H), 7.16 (d, J=7.8 Hz, 1H), 7.21 (d, /=7.8 Hz,
1H), 7.57 (s, 1H); >C NMR (75 MHz, CDCls) 6 22.63,
114.32, 125.04, 125.09, 129.92, 130.76, 135.30, 137.11,
137.22 ppm; IR (neat) 3091, 3063, 3016, 2985, 2964, 1899,
1833, 1701, 1629, 1602, 1554, 1492, 1450, 1380, 1304,
1278, 1205, 1037, 989, 914, 833, 854, 826 cm ™ '; MS m/z
197 M™* +1) 171, 169, 117, 115, 91, 89; HRMS calcd for
CoHoBr: 195.9888, found: 195.9887.

4.1.4. Synthesis of 3-(diphenylphosphino)-4-methyl-
styrene 3. Mg (0.72 g, 30 mmol) was added into a 50 mL
of round bottomed flask, which was dried and filled with
nitrogen. Dry THF (10 mL) was injected first and then
stirred with Mg. Half mixture of 3-bromo-4-methyl-styrene
(3.94 g, 20 mmol) in dry THF (10 mL) was injected
dropwisely. After an exothermic reaction starts, the rest of
the mixture was injected. The Grignard reagent was
reversely added into the mixture of chlorodiphenyl-
phosphine (5.25 g, 25 mmol) in dry THF (10 mL) at 0 °C.
After completion of the addition, the temperature was raised
to the room temperature. After stirring for another 20 h, the
mixture was poured into a saturated NH4Cl aqueous
solution (10 mL) at 0 °C and extracted with dry THF (3 X
20 mL). The organic layer was dried over anhydrous
MgSO, and concentrated to 5 mL only. Hexane was
added into the organic solution to deposit the by-products.
After filtration and concentration, the residue was purified
by a flash column chromatography (hexane/EAC=4:1).
The isolated product was 2.42 g (39% yield). Mp 48-49 °C.
'"H NMR (300 MHz, CDCl3) 6 2.36 (s, 3H), 5.06 (d, J=
10.9 Hz, 1H), 5.42 (d, J=17.6 Hz, 1H), 6.48 (q, /=10.9,
17.6 Hz, 1H), 6.79 (q, J=2.1, 5.8 Hz, 1H), 7.20-7.34 (m,
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11H); '*C NMR (75 MHz, CDCl3) 6 20.8, 21.1, 113.0,
126.2, 128.5, 128.6, 128.8, 130.2, 130.3, 130.7, 133.9,
134.1, 135.1, 136.0, 136.3, 136.5, 141.7 ppm; >'P NMR
(121 MHz, CDCl3) 6 —12.34 ppm; IR (neat) 3057, 3016,
2974, 1957, 1900, 1819, 1629, 1589, 1479, 1435, 1380,
1306, 1262, 1179, 1152, 1093, 1028, 992, 911, 830,
699 cm ™'y MS m/z 302 (M) 223, 183, 165, 152, 115,
78; HRMS calcd for C,;H;oP: 302.1224, found: 302.1227.

4.1.5. Synthesis of trans-di(p-acetato)-bis[3-(diphenyl-
phosphino)-4-styryl]dipalladium (II) 4. Pd(OAc),
(0.225 g, 1 mmol) was solvated in stirring dry toluene
(20 mL) in a 50 mL round bottomed flask. The mixture of
3-(diphenylphosphino)-4-methyl-styrene 3 (0.333 g,
1.1 mmol) and dry toluene (4 mL) was injected into the
flask. After that, the mixture was heated at 50 °C for 5 min,
and then cooled slowly to the room temperature. The
mixture was concentrated to one third of the original
volume. Hexane (25 mL) was added to the mixture for
precipitation of the product. The recrystallization was
proceeded repeatedly in the system of toluene/hexane or
dichloromethane/hexane. The isolated product was 0.34 g
(74% vyield). '"H NMR (500 MHz, CDCl;) 6 2.61 (s, 6H),
3.63 (br s, 4H), 5.06 (d, J=11.1 Hz, 2H), 542 (d, J=
17.6 Hz, 2H), 6.48 (q, J=11.1, 17.6 Hz, 2H), 7.1-7.8 (m,
26H); *'P NMR (121 MHz, CDCl;) 6 17.41 ppm. IR
(CHCl3) » 3058, 2921, 2860, 1653, 1561, 1435cm™ '
Anal. Calcd for C46H4,04P,Pd,: C, 59.18; H, 4.53. Found:
C, 59.33; H, 4.68.

4.1.6. Synthesis of phosphine-bound polystyrene 5.
3-(Diphenylphosphino)-4-methyl-styrene 3 (0.33 g,
1.1 mmol) was added to a test tube and flushed with
nitrogen. A mixture of styrene (0.68 g, 6.6 mmol) and
benzene (2 mL) was injected into the test tube. Then, a
mixture of AIBN (0.18 g, 0.1 mmol) and benzene (10 mL)
was injected into the stirring test tube. The reaction mixture
was then heated at 70 °C for 40 h. The mixture was
concentrated to dryness. The dry solid was repeatedly
washed by the solvent (THF/hexane=1:30). The isolated
polymer was 0.8g (79% yield). 'H NMR (500 MHz,
CDCl3) 6 1.1-1.7 (m, phenylCHCH,), 2.2-2.4 (br s, Ar-
CHs), 6.2-6.7 (m, Ar-H), 6.8-7.3 (m, Ar-H) ppm; *'P NMR
(121 MHz, CDCl3) 6 —12.23 ppm; IR (CHCl;) » 3023,
2924, 2846, 1653, 1561, 1492, 1452, 756, 699 cm ™~ '. Anal.
Caled for CgoHggP (repeating unit): C, 89.28; H, 7.38.
Found: C, 89.60; H, 7.84.

4.1.7. Synthesis of polystyrene-supported palladacycle
catalyst 2. trans-Di(p-acetato)-bis[3-(diphenylphosphino)-
4-styryl]dipalladium(II) 4 (93 mg, 0.1 mmol) was added to a
test tube and flushed with nitrogen. A mixture of styrene
(62 mg, 0.6 mmol) and benzene (2 mL) was injected into
the test tube. Then, a mixture of AIBN (18 mg, 0.01 mmol)
and benzene (1 mL) was injected into the stirring test tube.
The reaction mixture was then heated at 70 °C for 40 h. The
mixture was concentrated to dryness. The dry solid was
repeatedly washed by the solvent (THF/hexane =1:15). The
isolated polymer was 0.11g (66% yield). 'H NMR
(500 MHz, CDCl3) 6 1.1-2.0 (m, phenylCHCH,), 2.2-2.4
(br s, Ar-CH3), 6.3-6.7 (m, Ar-H), 6.8-7.4 (m, Ar-H) ppm;
3'P NMR (121 MHz, CDCl3) 6 53.01 ppm. IR (CHCI5) v
3027, 2921, 2858, 1447, 912, 743 cm ™ *; Gel permeation

chromatography analysis (mobile phase: THF, polystyrene
standards) indicated that M., of catalyst 2 prepared from
Route 1 and Route 2 was 1.434 X 10* and 1.529 X 10* g/mol,
respectively. Atomic absorption spectrophotometer analysis
showed that palladium was containing at 86.39 and
82.91 mg of Pd per gram of polymer prepared from Route
1 and Route 2, respectively.

4.1.8. Typical procedure for use of polystyrene-
supported palladacycle catalyst 2 in the Heck reaction.
Polystyrene-supported palladacycle catalyst 2 (30 mg,
24 umol Pd), iodobenzene (0.20 g, 1 mmol), methyl
acrylate (0.13 g, 1.5 mmol), sodium acetate (0.12 g,
1.5 mmol), and N,N-dimethylacetamide (3 mL) were
sequentially added into a 15 mL septum-sealed test tube
under nitrogen atmosphere. The mixture was then heated at
100 °C for 8 h. After cooling to the room temperature, the
mixture was added 8 mL of dry ether to precipitate
the polystyrene-supported palladacycle catalyst. After the
catalyst was further precipitated by a centrifuge, the upper
liquid layer of the reaction mixture was transferred via a
syringe into another 20 mL round bottom flask. Repeat the
above precipitation procedure one more time. The com-
bined liquid layer was concentrated under reduced pressure.
Saturated ammonium chloride solution (5 mL) was then
added to the oil mixture. The organic product was extracted
three times by ethyl acetate (10 mLX3), dried over
magnesium sulfate, filtrated, and concentrated to give the
crude product. The crude product was further purified by
column chromatography (silica gel, hexane/EAC=4:1) to
give 0.16 g (99% yield) of trans-methyl cinnamate.*®

4.1.9. Typical procedure for the use of polystyrene-
supported palladacycle catalyst 2 from Route 1 in the
Suzuki-Miyaura reaction for the preparation of 2,5-
dihexyloxy-1,4-di-phenylbenzene. o-Xylene (5 mL) was
added to a mixture of 2,5-dihexyloxy-1,4-benzenediboronic
acid (0.44 g, 1 mmol), bromobenzene (0.39 g, 2.5 mmol),
and K,COj3 (0.83 g, 6 mmol) in a 10 mL round-bottomed
flask under nitrogen atmosphere. A solution of catalyst 2
(0.007 g) in 1 mL of o-xylene was added into the above
mixture at 130 °C. The mixture was cooled to room
temperature after it was stirred and heated for 72 h. The
mixture was added 16 mL of dry diethyl ether to precipitate
the polystyrene-supported palladacycle catalyst. After the
catalyst was further precipitated by a centrifuge, the upper
liquid layer of the reaction mixture was transferred via a
syringe into another 20 mL round bottom flask. Repeat the
above precipitation procedure one more time. The com-
bined organic layer was dried over MgSQ,, filtrated, and
concentrated before recrystallized by EAC and MeOH to
give 0.37 g (85% yield) of the desired product. Mp 67—
68 °C; R;=0.9 (hexane/EAC=4:1); 'H NMR (CDCl;,
500 MHz) 6 0.86 (t, J=7 Hz, 6H), 1.26-1.36 (m, 12H),
1.65-1.68 (m, 4H), 3.90 (t, /=6.4 Hz, 4H), 6.98 (s, 2H),
7.32 (t,J=7.1 Hz, 2H), 7.41 (t,J=17.5 Hz, 4H), 7.60 (d, J=
7.75 Hz, 4H) ppm; '°C NMR (CDCls, 125 MHz) 6 13.96,
22.56, 25.72, 29.33, 31.45, 69.70, 116.44, 126.88, 127.89,
129.53, 130.91, 138.46, 150.31 ppm; IR v 1484.8, 1400.4,
1211.4,1054.1,763.9,698.1 cm ™ '; MS m/z 430 (M), 347,
262; HRMS Calcd for Cs39H3g0,: 430.2872, found:
430.2869.
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4.1.10. 2-[4-(2-Cyanophenyl)-2,5-dihexyloxyphenyl]-
benzenecarbonitrile. Following the procedure as described
for the preparation of 2,5-dihexyloxy-1,4-diphenylbenzene
by using 2,5-dihexyloxy-1,4-benzenediboronic acid (0.37 g,
1 mmol), 2-bromobenzene-carbonitrile (0.45 g, 2.5 mmol),
catalyst 2 (0.007 g), and K,COj3 (0.83 g, 6 mmol) to obtain
0.35 g (72% yield) of the desired product. Mp 129-131 °C;
R;=0.6 (n-hexane/EAC=4/1); 'H NMR (CDCls,
500 MHz) 6 0.83 (t, J=7 Hz, 6H), 1.21-1.28 (m, 12H),
1.64-1.67 (m, 4H), 3.94 (t, J=6.5 Hz, 4H), 6.94 (s, 2H),
7.44 (t,J="17.6 Hz, 2H), 7.56 (d, J=7.7 Hz, 2H), 7.64 (t, J=
7.7Hz, 2H), 7.74 (d, J=7.6 Hz, 2H) ppm; *C NMR
(CDCl3, 125 MHz) 6 13.88, 22.47, 25.53, 29.05, 31.35,
69.19, 113.21, 115.51, 118.61, 127.42, 128.52, 131.11,
132.17, 132.74, 142.17, 149.80 ppm; IR » 2228.1, 1513.9,
1390.7, 1215.4, 1035.9, 762.8 cm~'; MS m/z 480.2 (M ™),
412.0, 395.2, 313.1; HRMS Calcd for C;3,H360,N5:
480.2777, found: 480.2786.

4.1.11. 3-[4-(3-Cyanophenyl)-2,5-dihexyloxyphenyl]-
benzenecarbonitrile. Following the procedure as described
for the preparation of 2,5-dihexyloxy-1,4-diphenylbenzene
by using 2,5-dihexyloxy-1,4-benzenediboronic acid (0.37 g,
1 mmol), 3-bromobenzene-carbonitrile (0.45 g, 2.5 mmol),
catalyst 2 (0.007 g), and K,COj3 (0.83 g, 6 mmol) to give
0.35 g (74% yield) of the desired product. Mp 100-103 °C;
R;=0.525 (n-hexane/EAC=4:1); 'H NMR (CDCls,
500 MHz) 6 0.87 (t, J=7.5 Hz, 6H), 1.26-1.68 (m, 12H),
1.67-1.71 (m, 4H), 3.94 (t, J=6 Hz, 4H), 6.94 (s, 2H), 7.52
(t, J=7.7Hz, 2H), 7.63 (d, J=7.7Hz, 2H), 7.7 (d, J=
7.7 Hz, 2H), 7.89 (s, 2H) ppm; '*C NMR (CDCls,
125 MHz) 6 13.96, 22.53, 25.75, 29.17, 31.40, 69.58,
112.21, 115.48, 118.93, 128.77, 129.21, 130.57, 133.14,
133.89, 139.29, 150.16 ppm; IR » 2232.1, 1478.3, 1397.7,
1216.6, 1037.7, 785.9 cm ™~ '; MS m/z 480.2 (M), 397.1,
3251, 3121, HRMS Calcd for C32H3602N22 4802777,
found: 480.2772.

4.1.12. 4-[4-(4-Cyanophenyl)-2,5-dihexyloxyphenyl]-
benzenecarbonitrile. Following the procedure as described
for the preparation of 2,5-dihexyloxy-1,4-diphenylbenzene
by using 2,5-dihexyloxy-1,4-benzenediboronic acid (0.37 g,
1 mmol), 4-bromobenzene-carbonitrile (0.45 g, 2.5 mmol),
catalyst 2 (0.007 g), and K,COj3 (0.83 g, 6 mmol) to give
0.37 g (76% yield) of the desired product. Mp 152-154 °C;
R;=0.68 (n-hexane/EAC=4:1); 'H NMR (CDCls,
500 MHz) ¢ 0.87 (t, J=7Hz, 6H), 1.25-1.33 (m, 12H),
1.67-1.68 (m, 4H), 3.93 (t, J=6 Hz, 4H), 6.93 (s, 2H), 7.69
(s, 8H) ppm; >C NMR (CDCl;, 125 MHz) 6 13.89, 22.48,
25.65, 29.11, 31.31, 69.56, 110.70, 115.55, 118.96, 129.82,
130.13, 131.70, 142.80, 150.18 ppm; IR » 2226.4, 1647.6,
1601.0, 1214.5, 776.0 cm ™ '; MS m/z 480.2 M ™), 397.1,
325.1, 312.1; HRMS Calcd for C3,H360,N,: 480.2777,
found: 480.2772.
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Abstract—The Fukuyama—Mitsunobu amination strategy has emerged as an efficient means of N-alkylation of peptides and sulfonamides,
as well as a method for synthesis of polyamines on solid phase. Here, an array of reagent combinations for solid-phase alkylation with
secondary alcohols was examined in various solvents. The classical reagents DEAD-PPh; as well as DEAD-PEt; proved applicable for a
single alkylation step. Sharply dropping yields in successive alkylation steps were identified as the most serious limitation of the use of
Fukuyama—-Mitsunobu reaction in SPS of polyamines using primary and in particular secondary alcohols.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Polyamines and their derivatives play important roles in
biochemistry and their pharmacological significance con-
tinues to increase. Simple polyamines such as spermidine
(1) and spermine (2) are ubiquitous in eukaryotic cells,
where they conduct important roles in cellular physiology,
for example, in cell proliferation and DNA synthesis.
Relatively simple n-alkylated analogs of 2 have been shown
to possess anticancer activity in various cell lines.?
Polyamine-based cationic lipids have proved to be efficient
gene-delivery agents.> Moreover, certain polyamine deriva-
tives have been shown to interact with ion channels in the
central nervous system (CNS).4 Thus, polyamine neuro-
toxins isolated from venoms of spiders and wasps
antagonize various classes of ionotropic receptors such as
nicotinic acetylcholine receptors (nAChRs) and ionotropic
glutamate receptors (iGluRs).” A variety of polyamine
neurotoxins with closely related structures have been
isolated from venoms of the funnel web spiders Hololena
curta® and Agelenopsis aperta.” Some of these indole-

Keywords: Solid-phase synthesis; Fukuyama—Mitsunobu alkylation;

Amines; Spider toxins.
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containing toxins, known as curtatoxins, are shown in
Figure 1. Compounds 4 and 6, for instance, were isolated
from both venom mixtures (which explains the two different
names assigned to each of these compounds). Only the
H. curta venom contains long-chain non-hydroxylated
toxins such as compound 5. The structurally similar wasp
toxin component, philanthotoxin-433 (7),® has been the
subject of extensive structure—activity relationship (SAR)
studies on various receptor types.’

In order to obtain pure natural toxins in useful quantities as
well as unnatural analogs for biological studies, efficient
synthetic strategies are necessary. Since solution-phase
methods for polyamine synthesis'’ often require extensive
use of protecting groups as well as tedious purification steps,
the development of solid-phase synthesis (SPS) method-
ologies has received considerable attention in recent years.
The subsequent attachment of the amino acid and/or acyl
residues to the polyamines may be achieved by well-
established solid-phase peptide synthesis (SPPS) protocols.
The synthetic strategies for construction of polyamines on
solid phase may be classified into three major groups:
(1) simple SN2 alkylation reactions;'' (2) methods based
on reduction of intermediary imines'” or amides;"? and
(3) Fukuyama amination reactions.'* In the latter approach,



C. A. Olsen et al. / Tetrahedron 61 (2005) 6046-6055

HZN\/\/\H/\/\NHZ

1 spermidine

H H
No~N

R

3 HO-359
[I ]l O
N
H

H

~TN

6047

H
HZN/\/\N/\/\/N\/\/NHZ
H

2 spermine

H
N

4 HO-416a/Agel-416

H H
WN\/\/N\/\/N\/\/N\/\/\N/\/\NHZ
\ H
N O

0-473; R=H

5H
H 6 HO-489/Agel-489; R=OH

/\/J%OO

7 PhTX-433

Figure 1. Structures of polyamines and acylpolyamine neurotoxins isolated from venom mixtures of spiders and wasps. The numerals in the names of 3—-6
denote the molecular masses. In PhTX-433 (7) the digits denote the number of methylene groups that separate the amino functionalities, starting from the

tyrosine end.

alkylation of secondary sulfonamides is achieved with alkyl
halides under mildly basic conditions or with alcohols under
Mitsunobu conditions."”> Fukuyama and co-workers have
applied the alkyl bromide approach in mixed solution/solid-
phase total syntheses of several spider and wasp toxins. Ns-
Protected acylpolyamines (corresponding to 4' and 6'®")
were prepared in solution, and the syntheses were
completed after anchoring of the terminal amino group to
a solid support. Furthermore, two Fukuyama-type
approaches based entirely on SPS have been employed in
the total synthesis of philanthotoxins,17 and two SPS Ns-
strategies for site-selective N-methylation in peptide
synthesis were reported by Miller and Scanlan.'® The
Fukuyama—Mitsunobu conditions have recently emerged as
a versatile and general SPS method used, for instance, in N-
alkylation of peptides,'® peptide nucleic acid (PNA)
monomer synthesis,” preparation of N-alkylated sulfona-
mides,”' and in synthesis of polyamine neurotoxins.**

Although a relatively large amount of work has already been
devoted to SPS of amines using Fukuyama-Mitsunobu
alkylation, we addressed two important issues in order to
define the scope and limitations of this strategy. The first
issue concerns investigation of alkylation conditions
suitable for SPS employing sterically hindered alcohols as
building blocks (application of secondary alcohols is also
challenging in solution-phase Mitsunobu reactions®). The
second issue concerns the number of consecutive chain
elongation steps that are possible to carry out in a
satisfactory overall yield, that is, the length limit of
polyamines obtainable by this method. The latter question

is of interest, since the Fukuyama—Mitsunobu method has
been optimized to give >99% yield in a single alkylation
step,?*® yet the overall yields of philanthotoxins obtained
after two alkylations only amounted to 23-40%.%2“¢
Accordingly, the present work reports on the use of
Fukuyama—Mitsunobu protocols for the SPS of curtatoxins,
which contain polyamine moieties of different lengths, and
thus constitutes an interesting test case.

2. Results and discussion

2.1. Screening of SPS reagent combinations for N-alkyl-
ation with secondary alcohols

Numerous combinations of solvents, bases, azo reagents and
phosphines** have previously been applied in Mitsunobu
reactions, and it was decided to select a range of reagents for
a combinatorial screening in order to identify suitable
conditions for Fukuyama—Mitsunobu SPS alk%/lations with
secondary alcohols. Bycroft and co-workers®** as well as
Hone and Payne®*® have employed the traditional reagent
pair diethyl azocarboxylate (DEAD) and PPhz in their
original reports on polyamine SPS using Fukuyama—
Mitsunobu amination, and hence these reagents were
included in the present investigation. The two azo reagents
used under Tsunoda conditions, that is, 1,1’-(azodicarbo-
nyl)dipiperidide (ADDP) and N,N,N’,N'-tetramethylazodi-
carboxamide (TMAD),?® were likewise included, since both
of these reagents in combination with PMe; were previously
found to give acceptable to good yields in alkylation of
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Table 1. Effect of reagent combinations on the yield of single Fukuyama-Mitsunobu solid-phase alkylations with a secondary alcohol in CH,CI,~THF (1:1)*

Ns
I

Ns
A~ NH 2-pentanol AN~ N
OTn—H S HN +

8

l}ls
HZN/\/\/NH

9 10

Yields No base iPr,EtN
TMAD %/%" ADDP %%/%" DEAD %"/%" TMAD %°/%" ADDP %%/%" DEAD %"/%"
PMe; 46/49 37/39 19/14 51/52 49/53 21/16
PEt; 60/71 29/47 71/60 71/74 38/54 69/71
PPh; 24/30 Trace 70/92 14/19 Trace 68/93
* Yields estimated from 'H NMR.
® Product purities calculated from RP-HPLC as ratios {[9]/([9]+[10])} X 100.
Table 2. Effect of various solvents on the yield of single Fukuyama-Mitsunobu solid-phase alkylations with a secondary alcohol®
e s s
OT"’H/\/\/NH _2pentanol HZN/\/\/N%/,, NS SN
8 9 10
PPh;, DEAD, iPr,EtN PEt;, DEAD, iPr,EtN

THF-PhMe 1:1 CH,Cl,-PhMe 1:1 PhMe THF-PhMe 1:1 CH,Cl,-PhMe 1:1 PhMe
>95% >95% 76% 53% 82% 38%

# Product purities calculated from RP-HPLC as ratios {[9]/([91+[10])} X 100.

sulfonamides with secondary alcohols in solution.?® Thus,
the phosphines selected were the traditional PPh; and the
least sterically hindered trialkylphosphine, PMes;, along
with PEt;. All three phosphines have recently been reported
to give acceptable to high conversion in C-C bond
formation reactions with secondary benzylic alcohols.?’
Tributylphosphine, which previously has been widely used,
was omitted in the present study due to the recently reported
lack of reactivity in combination with ADDP and TMAD in
solution-phase reactions.?®

The above-mentioned phosphines and azo reagents com-
prise nine reagent combinations. The presence of base in
Fukuyama—-Mitsunobu reactions has previously been
reported to enhance the tolerance towards steric bulk of
the alcohol (using imidazole?®) as well as to increase the
reaction rate (using iPr,EIN?"). Hence, the effect of the
presence of iPr,EtN was also investigated (Table 1).

In the initial N-alkylation experiments described below we
relied on the findings by Strgmgaard et al.>*® concerning the
effect of solvent, concentration, order of reagent addition,
and the number of repetitions. However, longer reaction
times were applied (2X3 and 16 h), as this was found
advantageous in our previous solution-phase experiments
with secondary alcohols.?® The results of '"H NMR and
RP-HPLC analyses of the product mixtures are shown in
Table 1. Subsequently, the two best reagent combinations
were further tested in additional solvent mixtures (Table 2).

The general observations about the SPS alkylation of
sulfonamide 8 with 2-pentanol that emerged from these
investigations are as follows: (1) triphenylphosphine
worked well in combination with DEAD; (2) triethylphos-
phine combinations generally afforded acceptable con-
versions; (3) the presence of base did not increase the
conversion significantly; (4) the reagent pairs DEAD/PPh;,
DEAD/PEt; and TMAD/PEt; (with and without base) all

proved quite efficient in the alkylation. The reagent
combinations containing PMe; proved not to be superior
as opposed to previous solution-phase studies.’®*’ How-
ever, acceptable yields were only obtained with this
phosphine when combined with ADDP or TMAD, parallel-
ing the previous solution-phase experiments.”® The
RP-HPLC evaluation of the influence of the solvent showed
good yields for 1:1 mixtures of THF-PhMe and CH,Cl,—
PhMe (Table 2), but the "H NMR spectra of all of the six
crude products revealed the presence of more impurities
than observed in CH,Cl,—THF (1:1). Thus, the latter solvent
combination was applied in the subsequent experiments.

N-Alkylation of the sulfonamide (Ns-derivative) of resin-
bound glycine (11) with a secondary alcohol (cyclopenta-
nol) was subsequently performed with the most promising
reagent combinations found in the above screening. A good
yield (78%) was obtained when using PPh; as the
phosphine, while PEt; did not furnish a satisfactory yield
(Scheme 1). The two phosphines gave similar conversions
in the investigation shown in Tables 1 and 2, which suggests
that optimal conditions for N-alkylation is likely to be
sensitive to the type of substrate and/or linker used.

78%*°

Scheme 1. Resin 11 was alkylated with cyclopentanol (12) under
Fukuyama—Mitsunobu conditions (DEAD/PPh3/iPr,EtN or DEAD/PEt;/
iPr,EtN in CH,Cl,—~THF (1:1), and the product (13) was cleaved with TFA—
CH,Cl, (95:5). “Isolated yields after vacuum liquid chromatography (VLC)
based on the original resin loading.

PPh,

Ns O
N\)J\NHZ

11 < = Rink linker 13

2.2. Building block synthesis

The possibility of synthesizing long-chain polyamines
(pentaamines or higher homologs) on solid phase using
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HzN\/\/\NH2 ab TeOCHN\/\/\NHNs
14
HoN_ -~ NH; L» TeocHN.__~._NHNs
15
HN~_OH —2  + TeocHN._~_OH
16
Ho._~_oH —%% . 1BDPSO.__~__OH
17
HO\‘/\/LOH _ed | TBDPSO\‘/\/LOH
18
HoN. _~_OH et (}Trt—n\/\/OH

19

Scheme 2. Reagents and conditions: (a) 2-(trimethylsilyl)ethyl p-nitro-
phenyl carbonate, MeOH, CH,Cl,; (b) NsCl, iPr,EtN, CH,Cl,; (c) NaH
(1 equiv), THF, 30 min; (d) TBDPS-CI (1 equiv); (e) TMS-Cl, CH,Cl,,
40 °C, then Et;N at room temperature followed by trityl chloride resin;
(f) TBAF, DMF, 50 °C.

a,b,c

H
Ho\/\/N‘Trt—O
19

%
Ns

Ns 22

the Fukuyama—Mitsunobu approach was examined with
curtatoxin analogs as the example. For this purpose, chain
elongation building blocks 1418 were prepared along with
resin 19, necessary for synthesis of 3—5 and their branched
analogs. The diamine building blocks were mono-(2-
trimethylsilylethoxy)carbonyl (Teoc) protected and Ns-
activated, as previously described.”® Thus, compounds 14
and 15 were obtained in 70-73% overall yield. Compound
16 was obtained in 80% yield by treatment of 3-amino-1-
propanol with (2-trimethylsilyl)ethyl p-nitrophenyl carbon-
ate in MeOH-CH,Cl, (1:1), and the crude product was used
without further purification. Diols were mono-protected as
the tert-butyldiphenylsilyl (TBDPS) ethers under the
conditions described by Wacowich-Sgarbi and Bundle,*’
affording 17 and 18 in 77 and 73% yield, respectively. It was
decided to start from resin 19 shown in Scheme 2. In order
to avoid the potential risk of resin cross-linking upon
loading with an unprotected amino alcohol, the loading was
accomplished with temporarily O-trimethylsilyl (TMS)
protected 3-aminopropanol, employing similar conditions
as used for attachment of amino acids via the N-terminal
onto polystyrene trityl resins.>”

2.3. SPS of curtatoxins using multiple Fukuyama—
Mitsunobu amination steps

An efficient SPS strategy for the preparation of pentaamine
spider toxins was recently reported by Bienz and co-workers.' '

H Ns
d
> NSHN/\/\/N\/\/NHZ
1a
N
NS~ N
Ns
21
f,g,d
3a
NS~ K.
2N/\/\N/\/\N/\/\N/\/\/ oSN O
Ns Ns
24
Jf,g,d
c,eb
5

Ns

H
2N/\/\N/\/\N/\/\N/\/\N/\/\/N\/\/N Trt- O

Ns Ns Ns
25

>i< f,g,d

26

Scheme 3. Reagents and conditions: (a) 14, PMe3, ADDP, CH,Cl,-THF 1:1; (b) TBAF, DMF, 50 °C; (c) NsCl, iPr,EtN, CH,Cl,; (d) TFA, CH,Cl, 1:1; (e) 16,
PMe;, ADDP, CH,Cl,—-THF 1:1; (f) indol-3-ylacetic acid, DIC, HOBt; (g) DBU, 2-mercaptoethanol; (h) 17, PMe;, ADDP, CH,Cl,-THF 1:1; (i) 15, PMe;,

ADDP, CH,Cl,-THF 1:1.
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In their case, the polyamine was constructed from the center
by bromide displacement reactions. In the present work,
however, the aim was to test the efficiency of the
Fukuyama—Mitsunobu SPS method for preparation of
long-chain polyamines. The sequence shown in Scheme 3
was carried out starting with 500 mg of resin 19. After the
initial Fukuyama—Mitsunobu alkylation with 14 under
modified Tsunoda conditions (PMe;, ADDP),>*® removal
of the Teoc group, and subsequent treatment with NsCl,
resin 20 was obtained, which was extensively washed and
dried in vacuo.

One-fifth of resin 20 was then treated with TFA—-CH,Cl,
(1:1) to give the dinosylated spermidine derivative la in
order to determine the yield after a single alkylation step.

The isolated yield of 1a was 67% after this 6-step reaction
sequence (including the resin loading and cleavage),
corresponding to an average yield per step of >93%.

Another one-fifth of the original resin was elongated with
the N-Teoc-protected aminoalcohol (16), and the Teoc
group was removed to give resin 21. The terminal primary
amino group was acylated with indol-3-ylacetic acid under
activation with DIC and HOBt, the Ns groups were
removed, and the resin was treated with TFA-CH,Cl, to
furnish 3a (12% isolated yield).

The remaining three fifths of the original resin were
elongated with mono-protected diol 17 to give resin 22,
which was further elongated with the building block 15 to
give 23. Resin 23 was then divided into three equal portions
for the acylation to give 4, and for chain elongations to give
24 and 25, respectively, as shown in Scheme 3. Thus, the
theoretical yields of 1a, 3a, 4, 5, and 26 represented the
same molar amounts, as they were designed to arise from
one fifth each of the starting resin 19. The Ns groups in the
fully protected resin-bound products were removed by two
treatments with DBU and 2-mercaptoethanol in DMF,18 for
24 h'® and for 1 h, respectively, in order to complete the
deprotection as indicated by a colorless drain [the absence
of the yellow 2-(2-nitrophenylthio)ethanol].'® The products
(4, 5, and 26) were released from the solid support with
TFA—-CH,Cl, (1:1) and purified by reversed-phase vacuum
liquid chromatography (VLC), a method previously
reported to be appropriate for isolation of acylpolyamines.”’
Neither the yields nor the purities were satisfactory after the
RP-VLC purification, however, and 'H NMR spectra
demonstrated the presence of relatively complex mixtures,
with only minor resonances from the indole moiety present.
The samples were therefore analyzed by reversed-phase
HPLC and LC-MS.

For compound 4, the LC-MS analysis was satisfactory. This
was not the case for compound 5, however, and the
polyamine 26 was apparently not formed in appreciable
amounts after five Fukuyama-Mitsunobu coupling steps
(see Supporting Information for chromatograms and MS
spectra). The same negative result was obtained when
performing five consecutive elongations using the
Strgmgaard approach (N-Teoc protected amino alcohols
and ADDP-PBu;).>**

29
H
d,e,f HO N~ NH;
31
H
N\/\/\N N ~_-NH;
\ H
(0]
N 30

Scheme 4. Reagents and conditions (a) 18, PPh;, DEAD, CH,Cl,-THF 1:1;
(b) TBAF, DMF, 50 °C; (c) 14, PPh;, DEAD, CH,Cl,—~THF 1:1; (d) indol-
3-ylacetic acid, DIC, HOBt; (e) DBU, 2-mercaptoethanol; (f) TFA-CH,Cl,
1:1.

The optimized conditions developed for alkylation with
secondary alcohols were applied in order to prepare di-C-
methyl branched curtatoxin analog 30 (Scheme 4). Initially,
resin 277> was elongated with the mono protected diol (18)
using PPh; and DEAD in CH,Cl,-THF (1:1), and the Teoc
group was removed to give resin 28. The diamine building
block 14 was then introduced employing the same
Mitsunobu conditions, designed to give resin 29.

The remaining sequence aimed towards 30 was performed
as described above, but no well-defined product could be
isolated by RP-VLC. Furthermore, LC—MS analysis of the
obtained fractions revealed no traces of 30, while the most
polar fraction contained the diamino alcohol 31, which
indicated that the first alkylation had taken place partially.
Thus, the decrease in yield as observed in consecutive
alkylations with primary alcohols appears to be even more
pronounced when using secondary alcohols.

As shown in Table 3, good isolated yields were obtained
after a single alkylation reaction with both primary and
secondary alcohols. However, in both cases the isolated
yields dropped significantly after the second consecutive
alkylation step. We hypothesize that the low yield generally
observed in the second SPS Fukuyama-Mitsunobu alkyl-
ation step may arise from interference of deposited
byproducts and/or excess reagents in the resin pores. This

Table 3. Isolated yields obtained in polyamine solid-phase synthesis using
polystyrene trityl resin as shown in Table 1, Schemes 3 and 4

Ist Alkylation 2nd Alkylation 3rd Alkylation
Primary alcohol 67%" 12%* Trace
Secondary 59%" 0% np.d

alcohol

 Isolated yields obtained in the experiments shown in Scheme 3.
® Isolated yield of compound 9 (Table 1).

€ Yield of 30 (Scheme 4).

4 Not performed.
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explanation seems plausible when considering the problems
often encountered with isolation of products from Mitsu-
nobu reactions in general, a subject very recently reviewed
by Dembinski®? as well as by Dandapani and Curran.*

3. Conclusions

The experiments described in the present paper show that
the Fukuyama—Mitsunobu amination reaction is a versatile
but also a limited method for SPS of secondary amines.
Superior reagent combinations for Fukuyama—Mitsunobu
alkylation of resin-bound 2-nitrobenzenesulfonamides with
secondary alcohols have been established by examining a
combinatorial array of selected phosphine-reagents and azo
reagents, with or without addition of a base. Also, resin-
bound Ns-activated glycine was successfully alkylated with
a secondary alcohol (cyclopentanol) in good yield, which
shows that these results may find extended use in the
synthesis of novel peptide analogs. Furthermore, systematic
elongation sequences targeting long-chain polyamines (up
to a heptaamine), showed that the Fukuyama—Mitsunobu
amination method employing primary alcohols is practi-
cally limited to two chain elongation steps in SPS, if
acceptable yields are to be obtained. However, when using a
secondary alcohol, only one alkylation step was feasible
under the conditions employed in the present work. Sharply
dropping yields in successive alkylation steps are thus the
most serious limitation of the use of the Fukuyama-
Mitsunobu reaction in SPS of polyamines.

4. Experimental
4.1. Chemicals and instruments

Unless otherwise stated, starting materials were obtained
from commercial suppliers and used without further
purification. Trityl resins (100-200 mesh, 1% divinyl-
benzene) were obtained from Novabiochem (Laufelingen,
Switzerland) and IRIS Biotech (Marktredwitz, Germany).
The Rink amide resin was from IRIS Biotech (Marktred-
witz, Germany). Indol-3-ylacetic acid was purchased from
Lancaster (Morecambe, England). Tetrahydrofuran (THF)
was distilled under N, from sodium/benzophenone prior to
use. Dry dichloromethane was distilled from P,Os and kept
over 4 A molecular sieves. Water for reversed-phase high-
performance liquid chromatography (HPLC) was filtered
through a 0.22 pum membrane filter (Millipore, Millipak40).
"H NMR spectra were recorded at 400.14 or 600.13 MHz
on a Bruker Avance 400 or Avance 600 spectrometer,
respectively, and '*C NMR spectra were recorded at
100.6 MHz on a Bruker Avance 400 spectrometer, using
CDCI; or CD;0D as solvents and TMS as internal standard.
Coupling constants (J values) are given in hertz (Hz).
Multiplicities of "H NMR signals are reported as follows: s,
singlet; d, doublet; t, triplet; p, pentet; m, multiplet; br,
broad signal. VLC was performed using Merck silica gel
60H, 5—40 pm (average size 15 pm), or Merck LiChroprep
RP-18 (40-63 um) stationary phase. Analytical HPLC was
performed on a Shimadzu HPLC-system consisting of an
SCL-10A VP controller, an SIL-10AD VP autoinjector, an
LC-10AT VP Pump, an SPD-M10A VP diode array

detector, and a CTO-10AC VP column oven, using a
Phenomenex Luna C18(2) 3 um column (150X4.6 mm)
eluted at a rate of 0.8 mL/min. The system was controlled by
Class VP 6 software, and elution was performed with eluent
A (MeCN-H,O-TFA 10:90:0.1) containing 0% of eluent B
(MeCN-H,O-TFA 90:10:0.1) at t=0-5 min, rising linearly
to 40% of B during t=5-35 min, and rising linearly to
100% of B during t=35-40 min. LC-MS was performed
using a ThermoFinnigan TSQ Quantum Ultra instrument.
The preparative HPLC system consisted of a Waters
model 590 pump, a Waters Lambda-Max model 481
spectrophotometric detector operating at 215 nm, and a
Phenomenex Luna C18(2) 5 um column (250X 21.2 mm).
The chromatograph operated isocratically at a flow-rate of
9 mL/min, using water—acetonitrile-TFA 85:15:0.1 as the
mobile phase. High-resolution mass spectrometry (HRMS)
measurements for exact mass determination were performed
on a Bruker APEX Qe Fourier transform mass spectrometer
equipped with a 7-tesla superconducting magnet and an
external electrospray ion source (Apollo source). The
spectra were externally calibrated with a CID (collision
induced dissociation) spectrum of LHRH (luteinizing
hormone releasing hormone) free acid. The samples were
introduced into the electrospray ion source using a 250 pL
syringe with a syringe pump flow of 2 pL/min.

4.2. General procedures

4.2.1. SPS Fukuyama-Mitsunobu alkylation of resin-
bound 2-nitrobenzenesulfonamides (Tables 1 and 2,
Schemes 1, 3, and 4). The vacuum dried N-nosyl-
functionalized resin (typically ~0.1 mmol) was suspended
in THF (0.5 mL), and then a secondary alcohol or a
monoprotected diol (5equiv) in CH,Cl, (0.5mL), a
phosphine (6 equiv, ~0.6 mL, 1.0 M in THF) and an azo
reagent (5 equiv) in CH,Cl, (0.5 mL) were added. The
mixture was shaken at room temperature under N, for 3 h.
The resin was drained and washed with DMF, MeOH and
CH,Cl, (3X5mL, 5 min each time) and flushed with N,
for 15 min, after which the procedure was repeated twice.
In the final repetition the reaction time was 16 h.

4.2.2. SPS Fukuyama-Mitsunobu alkylation of resin-
bound amino alcohols (Schemes 3 and 4). A vacuum-dried
resin-bound alcohol (typically ~0.1 mmol) was suspended
in THF (0.5 mL), and then N-nosyl activated primary amine
(5equiv) in CH,Cl, (0.5 mL), phosphine (6 equiv,
~0.6 mL, 1.0 M in THF) and an azo reagent (5 equiv) in
CH,Cl, (0.5 mL) were added. The mixture was shaken at
room temperature under N, for 3 h. The resin was drained
and washed with DMF, MeOH and CH,Cl, (3X5 mL,
5 min each time) and flushed with N, for 15 min, after
which the procedure was repeated twice. In the final
repetition the reaction time was 16 h.

4.2.3. Nosylation of resin-bound amines (Schemes 1 and
3). The resin was dried in vacuo and NsCl (5 equiv) in
CH,Cl, was added under a stream of N,. iPr,EtN (7 equiv)
was added, and the mixture was shaken at room temperature
for 15 h. Then the resin was washed with DMF, MeOH and
CH,Cl, (3X5 mL, 5 min each time) and dried in vacuo
before the next chain-elongation step.
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4.2.4. Removal of TBDPS or Teoc groups (Schemes 3 and
4). The resin was treated with TBAF-3H,O (5 equiv) in
DMF (3 mL) for 30 min at 50 °C, and washed with DMF,
MeOH and CH,Cl, (3 X5 mL, 5 min each time).

4.2.5. Introduction of the indol-3-ylacetic acid residue
(Schemes 3 and 4). The resin was suspended in dry DMF
(1 mL). DIC (5equiv), HOBt (5equiv), and indol-3-
ylacetic acid (5 equiv) in dry DMF (1 mL) were added
and the mixture was shaken at room temperature under N,
for 4 h. The resulting resin was drained and washed with
DMF, CH,Cl, and DMF (3 X5 mL, 5 min each time).

4.2.6. Removal of Ns groups on solid phase (Schemes 3
and 4). The resin was treated twice with DBU (10 equiv) in
DMF (1 mL) and 2-mercaptoethanol (20 equiv) in DMF
(1 mL) for 20 and 1 h, respectively. The resin was drained
and washed with MeOH between each repetition until a final
colorless drain confirmed complete deprotection. The resin
was washed with DMF, MeOH and CH,Cl, (3 X5 mL,
5 min each time).

4.2.7. Cleavage from the resins (Tables 1 and 2, Schemes
1, 3, and 4). The products were cleaved by treatment with
TFA-CH,Cl, (4 mL, 1:1 for trityl linkers and 95:5 for Rink
linker) at room temperature for 2 h. The drained solvent was
combined with washings (MeOH (2X5 mL) and CH,Cl,
(2X5mL) and concentrated in vacuo. The products were
purified by reversed-phase VLC [H,O-MeCN-TFA
(95:5:0.1, 90:10:0.1, 85:15:0.1 and 80:20:0.1)] or prepara-
tive RP-HPLC.

4.2.8. Characterization of compounds 1a, 3a, 9, and 13.
Compound 1a. Yield: 44 mg (67%) of a yellow syrup. 'H
NMR (400 MHz, CDCl5): 6 8.04 (m, 2H, Ns), 7.83-7.76 (br
m, 6H, Ns), 3.40 (t, J="7.2 Hz, 2H), 3.30 (t, /=6.6 Hz, 2H),
3.02 (t, J=6.6 Hz, 2H), 2.86 (t, J=7.2 Hz, 2H), 1.87 (p,
J=7.2Hz, 2H), 1.58 (m, 2H), 1.47 (m, 2H). *C NMR
(100 MHz, CDCl3): 6 149.6, 135.5, 135.0 (2C), 134.8,
133.7, 133.6, 133.3, 131.5 (2C), 125.9, 125.6, 49.3, 46.2,
437, 38.6, 28.9, 27.8, 26.2. HRMS: m/z calcd for
[C1oH26Ns0sS,]1" 516.1217, found 516.1217, AM
0.14 ppm.

Compound 3a. Yield: 11 mg (12%) of a colorless oil. 'H
NMR (600 MHz, CDCls): 6 7.56 (d, J=7.9 Hz, 1H), 7.37
(d, J=8.1 Hz, 1H), 7.13 (dd, J=38.1 and 7.9 Hz, 1H), 7.04
(dd, J=8.1 and 7.9 Hz, 1H), 3.69 (s, 2H, CH,CO), 3.11-
3.03 (br m, 6H, 3 X CH,N), 2.98 (t, J=7.6 Hz, 2H, CH,N),
2.81 (m, 4H, 2X CH,N), 2.08 (m, 2H), 1.82 (p, J=6.6 Hz,
2H), 1.63 (m, 2H), 1.36 (m, 2H). *C NMR (100 MHz,
CDCl5): 6 176.5, 138.2, 128.4, 125.2, 122.8, 120.1, 119.3,
112.6, 109.4, 48.2, 48.0, 46.0 (2C), 37.8 (2C), 36.7, 33.9,
27.6, 25.3 (2C). HRMS: m/z caled for [CooH3,NsO]™
360.2758, found 360.2759, AM 0.39 ppm.

Compound 9. Yield: 12 mg (59%) of a yellow oil after RP-
VLC. '"H NMR (400 MHz, CDCls): 6 8.05 (d, J=7.3 Hz,
1H, Ns), 7.80-7.72 (br m, 3H, Ns), 3.91 (m, 1H, CHNNs),
3.39 (t, J=7.8 Hz, 2H, CH,NNs), 2.72 (t, J=7.3 Hz, 2H,
CH,NH,), 1.65-1.26 (br m, 8H, 4XCH,), 1.10 (d, J=
6.1 Hz, 3H, CH;CH), 0.84 (t, J=7.3 Hz, 3H, CH;CH,). °C
NMR (100 MHz, CDCls): 6 157.2, 147.9, 135.1, 132.9,

131.9, 125.2, 55.3, 44.3, 41.7, 38.7, 30.4, 30.0, 20.7, 19.5,
14.1. HRMS: m/z calcd for |:C:15H261\I3()2S]+ 3441639,
found 344.1640, AM 0.32 ppm.

Compound 13. Yield: 21 mg (78%) of a yellow oil. "H NMR
(400 MHz, CDCl5): 6 8.10 (d, J=7.3 Hz, 1H, Ns), 7.76—
7.66 (br m, 3H, Ns), 6.53 (br s, 1H, NHCO), 5.73 (br s, 1H,
NHCO), 4.33 (m, 1H, CHN), 3.93 (br s, 2H, H-o), 1.91-1.22
(br m, 8H). >*C NMR (100 MHz, CDCl;): 6 148.1, 134.3,
132.5, 132.1, 131.4, 124.5, 59.6, 46.7, 29.0 (2C), 23.2 (2C).
HRMS: m/z caled for [C;3H;7;N;05SNa]* 350.0781, found
350.0782, AM 0.37 ppm.

4.2.9. N-[(2-Nitrophenyl)sulfonyl]-N 1-[(2-trimethylsilyl)-
ethoxycarbonyl]-1,4-butanediamine (14). (2-Trimethyl-
silyl)ethyl p-nitrophenyl carbonate (4.83 g, 17.05 mmol)
in CH,Cl, (25 mL) was added to a stirred solution of 1,4-
butanediamine (3.97 g, 45 mmol, 2.6 equiv) in MeOH
(25 mL), and the mixture was stirred for 16 h at room
temperature. The methanol was removed in vacuo and then
EtOAc (250 mL) was added. The organic phase was washed
with 2 M aq NaOH (4 X100 mL) and brine (2X 100 mL),
dried (Na,SQ,), filtered, concentrated, and dried in vacuo to
give a sufficiently pure product (2.89 g; 73%). 'H NMR
(400 MHz, CD30D): 6 4.11 (t, J=8.3 Hz, 2H, CH,0), 3.10
(t, J=6.4Hz, 2H, CH,NHCO), 2.64 (t, J=6.4 Hz, 2H,
CH,NH,), 1.49 (m, 4H, 2X CH,), 0.98 (t, J=8.3 Hz, 2H,
CH,Si), —0.05 (br s, 9H, (CH3)3Si). '*C NMR (100 MHz,
CD;0D): 0 159.8, 64.2, 42.7, 41.9, 31.4, 28.8, 19.2, —0.9
(3C). The crude material, iProEtN (2.80 mL), and NsCI
(3.30 g) were dissolved in CH,Cl, (40 mL) and the solution
was stirred at room temperature. After 16 h the mixture was
concentrated, the residue was loaded onto a VLC column
(7X7 cm), and the column eluted with hexane-EtOAc
(10:1, 6:1, 4:1, 2:1, and 1:1) to furnish 14 (4.39 g; 62%
overall) as a pale yellow syrup. 'H NMR (400 MHz,
CDCl3): 6 8.13 (m, 1H, Ns), 7.86 (m, 1H, Ns), 7.74 (m, 2H,
Ns), 5.38 (br t, 1H, NHSO,), 4.57 (br t, 1H, NHCO), 4.13
(m, 2H, CH,0), 3.12 (m, 4H, 2 X CH,N), 1.55 (m, 4H, 2 X
CH,), 0.96 (t, J=7.2Hz, 2H, CH,Si), 0.02 [br s, 9H,
(CH;)5Si]. *C NMR (100 MHz, CDCl;): 6 156.9, 148.0,
133.7,133.6, 132.8, 125.4, 63.0,43.4,40.2, 27.1, 26.8, 17.8,
—1.5(3C).%°

4.2.10. N-[(2-Nitrophenyl)sulfonyl]-N"-[(2-trimethyl-
silyl)ethoxycarbonyl]-1,3-propanediamine (15). The pro-
cedure was as described above using 1,3-propanediamine as
the starting material, to give 15 (2.15 g; 68% overall) as a
pale yellow syrup. 'H NMR (400 MHz, CDCl5): 6 8.12 (m,
1H, Ns), 7.84 (m, 1H, Ns), 7.74 (m, 2H, Ns), 5.95 (br s, 1H,
NHSO,), 4.99 (br s, 1H, NHCO), 4.13 (br t, /J=8.2 Hz, 2H,
CH;0), 3.25 (q, J=6.4 Hz, 2H), 3.16 (q, /J=6.4 Hz, 2H),
1.71 (p, J=6.4 Hz, 2H, CH,), 0.96 (br t, J=28.2 Hz, 2H,
CH,Si), 0.02 [br s, 9H, (CH;);Si]. '*C NMR (100 MHz,
CDCly): 6 157.2, 147.9, 133.8, 133.5, 132.7, 125.2, 63.0,
40.7, 37.3, 30.2, 17.6, —1.6 (3C). HRMS: m/z calcd for
[C15H,4N306SSiNa]* 426.1126, found 426.1127, AM
0.40 ppm.

4.2.11. N-[(2-Trimethylsilyl)ethoxycarbonyl]-3-amino-1-
propanol (16). 3-Amino-1-propanol (552 pL, 2.4 mmol,
1.2 equiv) was dissolved in MeOH (20 mL), (2-trimethyl-
silyl)ethyl p-nitrophenyl carbonate (567 mg, 2.0 mmol) in



C. A. Olsen et al. / Tetrahedron 61 (2005) 6046-6055 6053

CH,Cl, (20 mL) was added, and the mixture was stirred at
room temperature for 16 h. Methanol was removed in
vacuo, EtOAc (150 mL) was added, and the organic phase
was washed with 2 M aq NaOH (4 X 75 mL), and brine (2 X
75 mL), dried (Na,SQ,), filtered and concentrated. Drying
in vacuo afforded compound 16 (1.23 g; 79%) as a colorless
syrup. "H NMR (400 MHz, CD;0D): 6 4.13 (t, J=8.3 Hz,
2H, CH,0), 3.59 (t, J=6.3 Hz, 2H, CH,OH), 3.18 (t, J=
6.9 Hz, 2H, CH,N), 1.69 (br p, J=6.7 Hz, 2H, CH,), 0.98 (t,
J=28.3 Hz, 2H, CH,Si), 0.05 [br s, 9H, (CH3)Si]. °C NMR
(100 MHz, CD;0D): 6 159.4, 63.7, 60.4, 38.6, 33.7, 18.6,
—1.6 (3C).*

4.2.12. 3-(tert-Butyldiphenylsilyloxy)-1-propanol (17). A
mixture of 1,3-propanediol (1.66 mL, 23.0 mmol) and NaH
(920 mg, 23 mmol; 60% suspension in oil) in dry THF
(20 mL) was stirred at room temperature under N, for
30 min.  tert-Butyldiphenylsilylchloride  (5.98 mL,
23.0 mmol) was added during 1h, and stirring was
continued for 16 h. The mixture was then diluted with
EtOAc (200 mL), and washed with water (3 X 100 mL) and
brine (2X 100 mL). The organic layer was dried (Na,SO,),
filtered and concentrated. The residue was purified by VLC
(hexane-EtOAc 15:1, 8:1, and 6:1) to give 17 (5.58 g; 77%)
as a clear syrup. '"H NMR (400 MHz, CDCls): 6 7.69 (m,
4H, Ph), 7.41 (m, 6H, Ph), 3.85 (br t, J=7.2 Hz, 4H, 2X
CH,0), 1.82 (p, /J=7.2Hz, 2H, CH,), 1.06 [br s, 9H,
CH3);C]. *C NMR (100 MHz, CDCl5): 6 135.6 (4C), 133.3
(20), 129.8 (2C), 127.8 (4C), 63.2, 61.8, 34.4, 26.9 (3C),
19.1. HRMS: m/z caled for [CioH,60,SiNa]™ 337.1594,
found 337.1595, AM 0.27 ppm.

4.2.13. 5-(tert-Butyldiphenylsilyloxy)-2-hexanol (18). A
mixture of 2,5-hexanediol (809 mg, 6.9 mmol) and NaH
(280 mg, 6.9 mmol; 60% suspension in oil) in dry THF
(10 mL) was stirred at room temperature under N, for
30 min.  tert-Butyldiphenylsilylchloride  (1.78 mL,
6.9 mmol) was added during 30 min, and stirring was
continued for 16 h. The mixture was then diluted with
EtOAc (100 mL), and washed with water (3 X75 mL) and
brine (2X75 mL). The organic layer was dried (Na,SQOy),
filtered and concentrated. The residue was purified by VLC
(hexane—EtOAc 15:1, 8:1, and 6:1) to give 18 (1.78 g; 73%)
as a clear syrup. '"H NMR (400 MHz, CDCls): 6 7.67 (m,
4H, Ph), 7.39 (m, 6H, Ph), 3.88 (m, 1H, CHOH), 3.69 (m,
1H, CHOSI), 1.65-1.44 (br m, 4H, 2 X CH,), 1.14-1.04 (br
m, 15H, 5XCH;). >C NMR (100 MHz, CDCl;): ¢ 136.0
(2C), 135.9 (4C), 129.6 (2C), 127.5 (4C), 69.5/69.4* (1C),
68.3/68.0* (1C), 35.5/35.1*% (1C), 34.7/34.5*% (1C), 27.1
(3C), 23.4, 23.1/22.8*% (1C), 19.2 (diastereoisomers).
HRMS: m/z caled for [C,oH3,0,Si]" 357.2244, found
357.2244, AM 0.03 ppm.

4.2.14. Preparation of N-resin-bound 3-amino-1-propa-
nol (19). 3-Amino-1-propanol (1.03 mL, 13.5 mmol,
10 equiv) was dissolved in dry CH,Cl, (20 mL) and TMS-
CI (1.71 mL, 13.5 mmol, 10 equiv) was added. The mixture
was stirred at 40 °C under N, for 1.5 h, and Et;N (3 mL,
16 equiv) was added upon cooling to room temperature,
followed by trityl chloride resin (1.0 g, 1.35 mmol/g,
1.35 mmol). The mixture was stirred at room temperature
under N, overnight. The resin was drained, washed with
MeOH and treated with 20% iPr,EtN in MeOH (30 mL) for

30 min to cap unreacted trityl chloride functionalities. The
resin was washed with DMF, MeOH and CH,Cl, (3X
5mL), and then it was treated with TBAF (426 mg,
6.75 mmol, 5 equiv) in DMF (10 mL) at room temperature
for 2 h. Finally the resin was drained, washed with DMF,
MeOH and CH,Cl, (3 X5 mL), and freeze-dried to give the
functionalized resin (19, 1.25 g, 1.283 mmol/g assuming
that complete conversions had been achieved).
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Abstract—Novel m-extended oligo(imidazole)s composed of imidazole and thiophene ring systems, bis(imidazolyl)thiophenes 1-4, were
synthesized as new building blocks for electron-donor molecules having diverse hydrogen-bonding directionalities in order to explore
hydrogen-bonded charge-transfer complexes and supramolecular assemblies. The cyclic voltammetry of these compounds showed increase
of electron-donating ability compared with those of 2,2’- and 4,4'-biimidazoles. In the crystal structure, 1, 2 and 3 exhibited multi-
dimensional hydrogen-bonded networks via solvent molecules including the w— interaction. Charge-transfer complexes of 1, 2 and 4 with
TCNQ were characterized as partial charge-transfer complexes with segregated stacks. The compressed pellets of the TCNQ complex of 2
showed a high electrical conductivity (g, =5.2X1072S cm ™ ") at room temperature with semiconducting behavior (activation energy, E, =

71 meV).
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The design of molecular building blocks exhibiting multi-
dimensional networks with well-defined molecular
aggregation by non-covalent interactions such as hydrogen-
bonding (H-bonding), m—m interaction and coordination
bond is an important issue for the development of molecule-
based materials.! In this context, construction of charge-
transfer (CT) complexes with H-bonding functionalities is a
recent trend in the creation of new organic conductors.’
Numerous attempts to construct H-bonded CT salts and
complexes afforded the successful preparations of metallic
CT salts of tetrathiafulvalene (TTF) derivatives with amido
functionalities furnished by Batail and co-workers.?
Furthermore, the introduction of H-bonding interaction
into CT systems gives an effective methodology for the
electronic modulation by controlling the electron-donating
abilities as demonstrated by tetracyanoquinodimethane
(TCNQ) complex of diamino-dibenzo-TTF* and for the
realization of cooperative proton—electron transfer system.’
Recently, we have disclosed novel potential of imidazole
group as an H-bonding functionality in CT complex by

Keywords: Oligo(imidazole); Hydrogen-bond; Thiophene; Molecular

assembly; Charge-transfer complex; Organic conductor.
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regulating the donor—acceptor ratio, as exemplified by a
chloranil complex of TTF derivative having imidazole
moiety.®

2,2'-Biimidazole (2,2’-H,Bim), having strong H-bonding
and coordination sites, has attracted attention as a building
block of molecular architectures’ and assembled metal
c:omplexes.8 Furthermore, 2,2’-H,Bim system has been
utilized as electron-donor molecule of H-bonded CT
complexes from the interest in its possible redox properties
coupled with multiple proton- and electron-transfer
processes.’ In order to explore H-bonded CT complexes
and assembled metal complexes based on imidazole ring
system, we have recently synthesized 4,4'-biimidazole
(4,4'-H,Bim) and oligo(imidazole)s composed only of
imidazole moieties by linear ring assemblies.'® In the
studies of protonated salt of 4,4/—H2Bim10 and its metal
complexes,” we demonstrated that the characteristic
H-bonded structures inherent in 4,4-H,Bim system and
proved a fundamental importance of directionality of
H-bonding interaction in the construction of assembled
structures (Chart 1).

Recently, we have also demonstrated that H-bonding
directionality is profoundly affected by molecular modifi-
cation of 4,4'-H,Bim, giving rise to increasing the variation
of H-bonded networks.'? Importantly, a transformation of
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molecular skeleton by an insertion of a spacer molecule into
2,2~ and 4,4'-H,Bim systems could cause a dramatic
change of the directionalities of the H-bondings, which can
give an interesting chance to explore further H-bonded
structure based on the H,Bim system. Moreover, an
extension of T-electronic systems of oligo(imidazole)s by
aromatic ring system is expected to modulate electron-
donating abilities. Thiophene-ring system is a planar and
highly redox-active aromatic system, and has a high
potential as a component molecular system for electronic
and optical materials."? In this report, we have designed novel
thiophene-introduced oligo(imidazole)s, bis(imidazolyl)-

thiophenes, 1-4, as new building blocks for electron-donor
molecules in the H-bonded CT complexes. Their synthesis,
cyclic voltammograms and pluri-dimensional H-bonded
networks in crystal structure analysis of 1-3, and physical
properties of their TCNQ complexes were described.
Empbhasis lies on the directionalities of H-bonding networks
induced by an electronic modulation and deformation of the
molecular skeleton by introduction of thiophene-ring
system into the 2,2/- and 4,4’-H,Bim systems.

2. Results and discussion

2.1. Synthesis of bis(imidazolyl)thiophenes and their
TCNQ complexes

Suzuki coupling reaction of 2,5-thiophenediboronic acid or
2,2'-bithiophene-5,5’-diboronic acid with N-SEM protected
2- or 4-iodoimidazole using Pd(0) catalyst gave the SEM-
protected products 5-8 (SEM =[2-(trimethylsilyl)ethoxy]-
methyl). The SEM protection groups of 5-8 were removed
by the treatment with excess amount of HCI to afford
bis(imidazolyl)thiophenes 1-4 (Scheme 1).'* Single crystals
of 1, 2 and 3 suitable for X-ray analyses were obtained by
the aerial evaporation of their MeOH solution. Data
collection and refinement parameters for structural analyses
are summarized in Table 1. TCNQ complexes of 1-4 were
prepared by direct mixing method with TCNQ in MeCN-
MeOH or MeOH-DMSO solution.

2.2. Cyclic voltammetry of bis(imidazolyl)thiophenes

In order to estimate electron-donating abilities of 1-4, their
electrochemical properties were studied. Due to existence of
acidic N-H moieties, the cyclic voltammograms of 1-4
showed irreversible oxidation waves. Table 2 summarizes
the oxidation peak potentials (E,”*) of 1-4, including those
of 2,2'- and 4,4'-H,Bims, tetrathiafulvalene (TTF) and
hydroquinone.

Table 1. Crystal data and structure refinement parameters for 1-2H,0, 2-H,0 and 3-2MeOH

1-2H,0 2-H,0 3-2MeOH
Emplncal formula C]0H12N4OZS C]0H10N4OS C|6H13N40252
Formula weight 252.29 234.28 362.46
Temperature (K) 200 296 200
Crystal system Orthorhombic Orthorhombic Monoclinic
Space group P2,2,2, C222, P2/c
a(A) 8.850(8) 8.968(1) 4.698(6)
b (A) 13.17(1) 11.992(2) 12.994(10)
c(A) 20.35(2) 10.321(1) 13.52(2)
a(®) 90 90 90
6 90 90 95.74(4)
v () 90 90 90
V (A)? 2372(15) 1110.0(2) 820(1)
z 8 4 2
Deac (gecm ™Y 1.413 1.402 1.466
u (Mo Ka) (ecm™ 1) 2.69 275 3.42
26 range (°) 6.1-55.0 6.8-55.0 6.3-54.8
Unique reflections 5395 746 1855
Observed data 2784 [I >20(D)] 616 [I>20(])] 1333 [I>20(D)]
Refined parameters 307 74 109
R, R — 0.033, 0.080 —
Ry, wR> 0.048, 0.088 — 0.047, 0.134
Goodness-of-fit 0.80 1.23 1.03
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Table 2. Oxidation peak potentials (E,”*) of bis(imidazolyl)thiophenes 1-4

Epnx (V) Epox (V)
1 +0.33 2,2'-H,Bim +0.40
2 +0.20 4,4/ -H,Bim +0.26
3 +0.28 TTF —0.11
4 +0.21 Hydroquinone +0.26

Experimental conditions: solvent, DMF; [1-4]=5 mM; ["BuysNBF,]=
0.1 M; scan rate, 100 mV s_'; reference electrode, Ag/AgNO; (0.01 M);
counter electrode, Pt wire; working electrode, glassy carbon; the results
were calibrated with ferrocene/ferrocenium couple.

The electron-donating abilities of 1-4 were evaluated to be
weaker than that of TTF and comparable to that of
hydroquinone. The lower E,”* values of 1-4 than analogous
H,Bim (2,2'-H,Bim for 1 and 3, 4,4’-H,Bim for 2 and 4)
indicate the increase of the electron-donating abilities due to
the -extension by the introduction of thiophene-ring
systems. The 2,2'-H,Bim analogues 1 and 3 showed higher
oxidation potential than 4,4'-H,Bim analogues 2 and 4. This
tendency is similar to the relationship between connectivity
of the molecular systems and oxidation potentials of 2,2’-
and 4,4'-H,Bim.

2.3. Crystal structures of 1-2H,0, 2-H,0 and 3-2MeOH

2.3.1. Crystal structure of 1-2H,0. Within a unit cell, two
crystallographically independent 1 molecules (1-A and 1-B)
and four water molecules are found. A curved-shape
molecular structure of 1-A and -B is contrastive structural

feature to the linear-shape molecule of 2,2'-H,Bim system
which construct one-dimensional chain by double comple-
mentary H-bonding (Fig. 1a).”* Imidazole rings in 1-A and
-B are twisted by ~9° from thiophene ring. Both of 1-A and
-B possess the pseudo-rotation axes in their thiophene rings,
and there are no noticeable differences in the geometries of
1-A and -B molecules. However, their molecular sym-
metries are broken by crystallographically different environ-
ments and H-bondings with water molecules. 1-A and -B
molecules alternately stacked with face-to-face distance of
3.5A, to form m-stacking column along the a-axis
(Fig. 1b—d). The N atoms at the inside of the curved-shape
molecules bind water molecules by H-bondings, resulting in
the formation of a channel structure along the a-axis (Fig. 1d
and e). This channel structure is fulfilled with water
molecules which construct a one-dimensional H-bonded
chain (Fig. le). Direct N(3)-H---N(7) H-bonding inter-
action of N atoms at the outside of the curved-shape
molecules connect the m-stacking columns. These H-bond-
ing interactions build up a three-dimensional network of this
crystal.

2.3.2. Crystal structure of 2-H,O. The crystal of 4,4-
H,Bim analogue 2 consists of one 2 molecule and a water
molecule. Molecular structure of 2 possesses the rotation
axis, and the imidazole ring is twisted by ~31° from the
central thiophene ring with syn—syn conformation (Fig. 2a).
All nitrogen atoms on imidazole moiety interact with water
molecules to construct a three-dimensional H-bonded

Figure 1. Crystal structure of 1-2H,0. ORTEP view of the molecular structure of 1 showing the atomic labelling scheme (a). Overlap modes in a Tt-stacking
column (b) and (c). Perspective view nearly along the a-axis showing the -stacking columns and channel structures (d). Stereoview of the crystal packing,
showing one-dimensional chain of water molecules within a channel structure (e). The ellipses show the channel fulfilled by water molecules, and the dotted
lines show H-bonding interactions. H-bonding distances (D---A in A): N(3)---N(7), 2.81; N(1)---O(2), 2.77; N(2)---O(1), 2.93; N(2)---O(2), 2.89; N(4)---O(4),
2.75; N(5)---O(3), 2.76; N(6)---O(3), 2.87; N(8)---O(1), 2.83; O(1)---O(4), 2.79; O(2)---O(3), 2.83; O(3)---O(4), 2.78.
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Figure 2. Crystal structure of 2-H,O. ORTEP view of the molecular structure of 2 showing the atomic labelling scheme (a). Stereoview of the crystal packing
(b). Perspective view along the a-axis (c). Dotted lines show the H-bonding interactions. H-bonding distances (D---A in A): N(1)---O(1), 2.87; N(2)---O(1),

2.81.

network (Fig. 2b and c). The closest N---O distances are
2.87 A for N(1)---O(1) and 2.81 A for N(2)---O(1). -
Interaction was not found in this structure. In this crystal, the
dihedral angle between two imidazole-rings in one 2
molecule is ~59°, which is larger than those of 2,2'- and
4,4'-'H,Bim systems having nearly planar molecular
structures.”'® The twisted structure of 2 changes the
directionality of H-bonding interaction to construct the
three-dimensional H-bonded network.

2.3.3. Crystal structure of 3-2MeOH. This crystal consists
of one 3 molecule and two MeOH molecules. The molecule
3 possesses the inversion center on the central C—C bond of
bithiophene skeleton, and the central bithiophene unit has a
anti-conformation to give a linear-shape structure of 3,
which is similar to that of 2,2’-H,Bim system (Fig. 3a). In
the molecular structure of 3, the bithiophene unit is planar,
and imidazole ring is inclined by ~14° from the
bithiophene skeleton. The -7 interaction of 3 forms a
uniform stacking column along the a-axis with 3.4 A of
interplanar distance (Fig. 3b and c). The directionalities of
the H-bonding interactions of the two imidazole-rings in 3
are parallel to each other similarly to those of 2,2’-H,Bim.

The 3 molecules are connected by N(1)-H---O(1)-H---N(2)
H-bondings via MeOH molecules to construct a two-
dimensional sheet structure (Fig. 3c). The closest N---O
distances are 2.71 A for N(1)---O(1) and 2.73 A for N(2)---
O(1). This observation exhibits a striking contrast to that of
2,2'-H,Bim system which shows one-dimensional chain
structure by double complementary H-bondings.” This
difference is probably derived from distance of two
imidazole moieties and the steric effect of the bithiophene
unit.

2.4. Physical properties of TCNQ complexes

In order to investigate structural and electronic effects of the
H-bonding interactions in CT complexes, we have prepared
the TCNQ complexes of 1-4. Although TCNQ complex of
2,2'-H,Bim is not obtained by the direct mixing method,"”
the preparation of TCNQ complexes of 1-4 were performed
by the direct mixing method between 1-4 and TCNQ
because of the increased electron-donating abilities of 1-4
compared to that of 2,2'-H,Bim. Figures 4 and 5 show the
IR and electronic spectra of CT complexes of 1-4 with
TCNQ, respectively, and Table 3 summarizes their physical

Figure 3. Crystal structure of 3-2MeOH. ORTEP view of the molecular structure of 3 showing the atomic labelling scheme (a). Overlap mode in a Tt-stacking
column (b). Molecular packing viewed along the a-axis showing the 7-stacking column and two-dimensional H-bonded network (c). Dotted lines show the
H-bonding interactions. H-bonding distances (D---A in A): N(1)---O(1), 2.71; N(2)---O(1), 2.73.
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Figure 4. IR spectra of 1-TCNQ (a), 2-TCNQ (b), 3-TCNQ (c) and
4-TCNQ (d) complexes in KBr pellets.
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Figure 5. Electronic spectra of 1-TCNQ (a), 2-TCNQ (b), 3-TCNQ (c) and
4-TCNQ (d) complexes in KBr pellets.

properties. The broad and multiplet absorption bands spread
over 3300-2500 cm ' in the IR spectra of 3- and 4-TCNQ
complexes are assigned to be N—H stretching frequencies of
donor molecules. These bands may indicate a formation of
intermolecular N-H---N=C H-bonding between donor and
acceptor molecules (Fig. 4c and d). In the case of 1- and

2-TCNQ complexes, N-H stretching absorption bands
overlap with the strong CT bands at around 3000 cm ™'
(Fig. 4a and b), hampering the elucidation of H-bonding
natures in CT complexes in terms of IR spectra. The donor—
acceptor ratio of 2-TCNQ complex is estimated to be 1:3
from elemental analysis, and those of TCNQ complexes of
1, 3 and 4 are 1:1. The ionicities of TCNQ moieties (p) in
these TCNQ complexes of 1-4 are estimated to be 0.61,
0.61, 0.82 and 0.75 from the C=N stretching frequency
(vc=n), 2200, 2200, 2191 and 2194 cm ™~ ! respectively, in
the IR measurement.'® However, these p values remain
somewhat ambiguous due to the possibility of the shift of
CN stretching frequencies induced by the formation of
H-bonding on TCNQ moieties and of the formation of
dication (not monocation) of donor molecules. In the
electronic spectra (Fig. 5), TCNQ complexes of 1-4 show
the general resemblance of TCNQ ~ in the range of
10,000-40,000 cm ™ '; these TCNQ complexes exhibit the
C-band (intermolecular CT transition of TCNQ ~) at
around 11500 cm ™', the D-band at 15,000-17,000 cm ™'
(intramolecular transition of TCNQ ) and F-band (intra-
molecular transition of neutral TCNQ and TCNQ ~) at
26,000-29,000 cm ™~ .'7 The absorption of 1-4 moieties are
overlapped with the F-band, and observed as shoulder
peaks. In addition, the CT bands are observed at lower
energy region around 3000-4000 cm ™' (A-band) in 1-, 2-
and 4-TCNQ complexes. These bands are assignable to the
intermolecular CT transition from TCNQ ~ to neutral
TCNQ.'” These results indicate that TCNQ complexes of 1,
2 and 4 are partial CT complexes with segregated stacking
columns.'” On the other hand, 3-TCNQ complex is assigned
to be completely ionic complex from the larger p value and
the absence of the A-band. The measurement of electrical
conductivity for compressed pellet of the CT complex
shows that 3-TCNQ is an insulator, while TCNQ
complexes of 1 and 4 are found to be low-conductive
semiconductors with room temperature conductivities
(o) of ~107%Sem™ L Interestingly, 2-TCNQ complex
exhibits a high conductivity with semiconductive behavior
(6,4=5.2X10"%Scm™ !, activation energy (E,) =
71 meV). This o, value is 10* orders higher than those of
2,2'-H,Bim system.'®

3. Conclusion

The m-extended oligo(imidazole)s composed of imidazole
and thiophene-ring systems, bis(imidazolyl)thiophenes,
were synthesized as novel electron-donor molecules for
H-bonded CT complexes. In the crystal structures, neutral 1,

Table 3. Stoichiometry, optical and conductivity data of TCNQ complexes of bis(imidazolyl)thiophenes 1-4

D:A:solvent® veen"fem ™! o° A-band®, C-band®, D-band®, F-band®, oS em™! E,/meV
x10° em ™! X10° cm ™! x10° cm ™! X10° cm ™!
1 1:1:1.7H,O 2200 0.61 3.0 11.6 14.9 28.7 9.0x107° 154
2 1:3:3H,0 2200 0.61 3.0 11.5 16.6 29.1 52%1072 71
3 1:1 2191 0.82 —° 11.5 14.9 26.8 <1077 —
4 1:1:0.7H,O 2194 0.75 3.8 11.5 15.1 26.7 7.9%107° 215

# Component ratios were estimated by the elemental analysis.
IR and electronic spectra were measured in KBr pellet.

© The ionicities of TCNQ (p) were estimated by the C=N stretching frequencies (vc—y) of the IR spectrum on the basis of the Chappell’s method.'®
4 Electrical conductivities were measured for compressed pellets using the two- or four-probe method.

¢ Not observed.
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2 and 3 showed diverse and characteristic assembled
structures depending on their H-bonding directionalities
derived from their molecular structures and connectivities
of imidazole moieties with thiophenes. The curved-shape of
1 molecule made two different H-bonding environments,
inside and outside of molecular skeleton, and built up the
channel structure. In the crystal structure of 2, the syn—syn
conformation and large dihedral angle of two imidazole-
rings increased the dimensionality of the H-bonding
interaction to construct the three-dimensional network.
Furthermore, the two parallel H-bondings of 3 molecule
having the linear-shape structure formed the two-
dimensional H-bonded network. Notably, these H-bonded
structures reveal their high potentials as building blocks for
supramolecular assemblies. In addition, increased electron-
donating abilities of 1-4 compared with those of 2,2’- and
4,4'-H,Bim systems indicate a high potential of 1-4 as the
promising candidates for the electron-donor molecules in
H-bonded CT complexes. Actually, TCNQ complex of 2
was highly conductive semiconductor. These results show
that the design of electron-donor molecules having diverse
H-bonding directionalities is useful and interesting strategy
for the construction of H-bonded CT complexes with
intriguing functionalities. Further studies on -extended
oligo(imidazole)s are now carried out not only for the
construction of conducting molecular assemblies with
H-bonding interactions, serving for the realization of
cooperative proton—electron transfer system,’ but also for
investigating a possibility as component molecular systems
of electronic and optical materials.

4. Experimental
4.1. General

'"H NMR spectra were measured on a JEOL EX-270
spectrometer with Me,Si or residual solvent as an internal
standard. EI-MS spectra were recorded at 70eV on a
Shimadzu QP-5000. Infrared and electronic spectra were
recorded using KBr plates on JASCO FT/IR-660M and
Shimadzu UV/vis-NIR scanning spectrophotometer UV-
3100 PC, respectively. Melting points were measured by a
Yanaco micro melting point apparatus and were uncor-
rected. Elemental analyses were performed at the Analytical
Center of Graduate School of Science, Osaka University.
The direct current electrical-conductivity measurements
were performed on the compressed powder pellets by a
conventional two- or four-probe method using gold paint
and gold wire. Cyclic voltammetric measurements were
made with an ALS Electrochemical Analyzer Model 612A.
Cyclic voltammogram was recorded with 3.0 mm diameter
glassy plate carbon electrode and Pt wire counter electrode
in DMF containing 0.1 M BuyNBF, as the supporting
electrolyte at room temperature. The experiments employed
an Ag/AgNO; reference electrode. The final results were
calibrated with the ferrocene/ferrocenium couple. Ry values
on TLC were recorded on E. Merck precoated (0.25 mm)
silica gel 60 F,s4 and alumina F,s,4 plates. The plates were
sprayed with a solution of 10% phosphomolybdic acid in
95% EtOH and then heated until the spots become clearly
visible. Silica gel 60 (100-200 mesh) was used for column
chromatography. Recycle preparative gel permeation

chromatography (GPC) was performed using tandemly
connected two polystyrene gel columns (JAIGEL 1H, Japan
Anal?/tical Industry). 2,2’-Bithiophene-5,5’-diboronic
acid,'® N-[2/-(trimethylsilyl)ethoxy]methyl (SEM)-pro-
tected 2-iodoimidazole®® and SEM-protected 4-iodo-
imidazole'® were prepared by the reported procedures.
DME were dried (Na-benzophenone ketyl) and distilled
under argon prior to use. All reactions requiring anhydrous
conditions were conducted under argon atmosphere.

4.2. Synthesis of bis(imidazolyl)thiophenes (1-4)

4.2.1. 2,5-Bis[1’-{[2"-(trimethylsilyl)ethoxy]methyl}-
imidazol-2’-yl]thiophene (5). The SEM-protected 2-iodo-
imidazole (3.00 g, 9.25 mmol), 2,5-thiophenediboronic acid
(800 mg, 4.66 mmol), and Pd(PPhj3), (500 mg, 0.432 mmol)
were placed in a 200 mL schlenk flask and suspended with
DME (40 mL) and 1 M NaHCOj; aqueous solution (30 mL).
The mixture was stirred at 70 °C for 18 h under argon
atomosphere. The reaction mixture was poured into H,O
(100 mL), and was extracted with ethyl acetate (100 mL).
The organic layer was washed with a satd NaCl aqueous
solution (100 mL) and dried over Na,SQy, then filtered and
concentrated under reduced pressure. The residual oil was
subjected to silica gel column chromatography with 3:1-0:1
mixture of hexane and ethyl acetate as eluant. The resulting
mixture containing desired compound was subjected to GPC
with CHCl; as eluant, to give the coupling product S
(170 mg, 8%) as a pale yellow powder: mp 215-216 °C;
Ry=0.21 (ethyl acetate); "H NMR (CDCl5) 6 0.00 (s, 18H),
0.95 (t, 4H, J=8.2 Hz), 3.61 (t, 4H, J=8.2 Hz), 5.40 (s,
4H), 7.09 (d, 2H, /J=1.3 Hz), 7.13 (d, 2H, /J=1.3 Hz), 7.53
(s, 2H); IR (KBr) 3103, 3085, 2952, 2893 cm ™~ '; EI-MS,
mlz 476 (M, 100%). Anal. Calcd for Co,H36N40,S1,S: C,
55.52; H, 7.61; N, 11.75. Found: C, 55.31; H, 7.44; N,
11.73%.

4.2.2. 2,5-Bis[1’-{[2"-(trimethylsilyl)ethoxy]methyl}-
imidazol-4’-yl]thiophene (6). Following the same
procedure as that for 5, compound 6 was obtained as a
white powder (66% yield): mp 89-90 °C; R;=0.42 (10:1
ethyl acetate/MeOH); 'H NMR (CDCl5) 6 0.00 (s, 18H),
0.93 (t, 4H, /J=8.2 Hz), 3.53 (t, 4H, J=8.2 Hz), 5.27 (s,
4H), 7.21 (d, 2H, J=1.3 Hz), 7.24 (d, 2H, J=1.3 Hz), 7.58
(s, 2H); IR (KBr) 3098, 2952, 2916 cm ™~ '; EI-MS, m/z 476
(M™, 100%). Anal. Calcd for C,,H36N40,Si,S: C, 55.52;
H, 7.61; N, 11.75. Found: C, 55.15; H, 7.59; N, 11.54%.

4.2.3. 5,5'-Bis[1”-{[2"-(trimethylsilyl)ethoxy]methyl}-
imidazol-2"-yl]-2,2'-bithiophene (7). Following the same
procedure as that for 5, compound 7 was obtained as a
yellow powder (29% yield): mp 138-139 °C; R;=0.24 (1:1
hexane/ethyl acetate); '"H NMR (CDCl3) 6 —0.04 (s, 18H),
0.88 (t, 4H, J=8.1 Hz), 3.59 (t, 4H, J=8.1 Hz), 5.48 (s,
4H), 7.00 (d, 2H, J=1.2 Hz), 7.39 (d, 2H, J=4.0 Hz), 7.44
(d, 2H, J=4.0 Hz), 7.49 (d, 2H, J=1.2 Hz); IR (KBr) 3098,
2952, 2916, 2893 cm ™ '; EI-MS, m/z 558 (M™, 100%).
Anal. Calcd for C,H33N40,S1,S,: C, 55.87; H, 6.85; N,
10.02. Found: C, 55.66; H, 6.77; N, 10.01%.

4.2.4. 5,5'-Bis[1”-{[2"-(trimethylsilyl)ethoxy]methyl}-
imidazol-4"-yl]-2,2'-bithiophene (8). Following the same
procedure as that for 5, compound 8 was obtained as a
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yellow powder (49% yield): mp 200-202 °C; Ry=0.53
(ethyl acetate); '"H NMR (CDCl3) 6 —0.02 (s, 18H), 0.87 (t,
4H, J=8.1 Hz), 3.51 (t, 4H, J=8.1 Hz), 5.34 (s, 4H), 7.19
(d, 2H, J=3.8 Hz), 7.23 (d, 2H, J=3.8 Hz), 7.69 (d, 2H,
J=1.2Hz), 7.84 (d, 2H, J=1.2 Hz); IR (KBr) 3124, 2954,
2893 cmfl; EI-MS, m/z 558 (M*, 100%). Anal. Calcd for
C,6H33N,40,8i1,S,: C, 55.87; H, 6.85; N, 10.02. Found: C,
55.76; H, 6.71; N, 9.98%.

4.2.5. 2,5-Bis(2'-imidazolyl)thiophene (1). The SEM-
protected bis(imidazolyl)thiophene 5 (112 mg, 0.23 mmol)
was placed in a 50 mL round-bottomed flask and dissolved
with EtOH (1 mL) and a 5M HCI aqueous solution
(2.5mL). The reaction mixture was refluxed for 3 h.
EtOH was removed by distillation under reduced pressure,
and the residue was neutralized with a satd K,CO; aqueous
solution. The resulting powder was collected by filtration
and washed with H,O (3 mL), to give 1 (40.4 mg, 80%) as a
white powder: mp > 300 °C; "H NMR (DMSO-dg, 80 °C) 6
6.96 (s, 2H), 7,24 (s, 2H), 7.45 (s, 2H), 12.60 (br s, 2H); IR
(KBr) 3200-2300, 1588, 1524cm™'; UV (KBr) 222,
348 nm; EI-MS, m/z 216 (M+, 100%). Anal. Calcd for
(C1oHgN4S) (H20)g5: C, 54.63; H, 3.85; N, 25.48. Found:
C, 54.78; H, 3.74; N, 25.35%.

4.2.6. 2,5-Bis(4’-imidazolyl)thiophene (2). Following the
same procedure as that for 1, compound 2 was obtained as a
white powder (81% yield): mp 251-253°C; 'H NMR
(DMSO-dg, 80 °C) 6 7.12 (s, 2H), 7.31 (s, 2H), 7.60 (s, 2H);
IR (KBr) 3200-2300, 1647, 1602, 1525 cm™'; UV (KBr)
348 nm; EI-MS, m/z 216 M ™, 100%). Anal. Calcd for
(C10HgN4S) (H,0),5: C, 50.49; H, 4.41; N, 23.55. Found:
C, 50.64; H, 4.40; N, 23.58%.

4.2.7. 5,5'-Bis(2"-imidazolyl)-2,2'-bithiophene (3).
Following the same procedure as that for 1, compound 3
was obtained as a yellow powder (97% yield): mp > 300 °C;
"H NMR (DMSO-dq, 80 °C) 6 6.97 (s, 2H), 7.23 (s, 2H),
7.31 (d, 2H, J=3.6 Hz), 7.46 (d, 2H, J=3.6 Hz); IR (KBr)
3300-2600, 1590, 1516 cm™ ! UV (KBr) 332, 374 nm;
EI-MS, m/z 298 (M™", 100%). Anal. Calcd for
(C14H1oN4S5)(H20)00: C, 55.68; H, 3.47; N, 18.55.
Found: C, 55.77; H, 3.30; N, 18.21%.

4.2.8. 5,5'-Bis(4”-imidazolyl)-2,2'-bithiophene (4).
Following the same procedure as that for 1, compound 4
was obtained as a brownish yellow powder (97% yield): mp
>300 °C; "H NMR (DMSO-dg, 80 °C) 6 7.13 (d, 2H, J=
3.6 Hz), 7.17 (d, 2H, J=3.6 Hz), 7.41 (s, 2H), 7.63 (s, 2H);
IR (KBr) 3200-2500, 1653, 1575, 1535 cm™'; UV (KBr)
374 nm; EI-MS, m/z 298 (M+, 100%). Anal. Calcd for
(C]4H10N4Sz)(H20)0'4: C, 5470, H, 361, N, 18.23. Found:
C, 55.09; H, 3.40; N, 17.85%.

4.3. Preparation of TCNQ complexes

4.3.1. TCNQ complex of 2,5-bis(2’-imidazolyl)thiophene
[(1)(TCNQ)(H,0)1.7]. In a 30 mL round-bottomed flask, a
solution of 1 (21.6 mg, 0.10 mmol) in MeOH (5 mL) and a
solution of TCNQ (20.4 mg, 0.10 mmol) in MeCN (10 mL)
were mixed at room temperature. After stirring at room
temperature for 2 h, the mixture was concentrated under
reduced pressure. The resulting powder was washed with

MeCN (2 mL) and CH,Cl, (10 mL), to give CT complex
(30.0 mg) as a black powder: IR (KBr) 2200, 2179, 2120,
1629, 1570, 1505 cm™'; UV (KBr) 348, 672, 764, 862,
~3300 nm. Anal. Calcd for (C10H8N4S)(C12H4N4)-
(H,0), 7: C, 58.58; H, 3.44; N, 24.84. Found: C, 58.38; H,
3.06; N, 24.41%.

4.3.2. TCNQ complex of 2,5-bis(4'-imidazolyl)thiophene
[(2)(TCNQ)3(H,0);]. Following the same procedure as that
for TCNQ complex of 1, TCNQ complex of 2 was obtained
as a deep green powder: IR (KBr) 2200, 2179, 2120, 1636,
1565, 1506 cm™'; UV (KBr) 344, 604, 866, ~3300 nm.
Anal. Calcd for (C]0H8N4S)(C12H4N4)3(H20)31 C, 6258, H,
2.97; N, 25.38. Found: C, 62.25; H, 2.89; N, 25.09%.

4.3.3. TCNQ complex of 5,5'-bis(2"-imidazolyl)-2,2’-
bithiophene [(3)(TCNQ)]. Following the same procedure
as that for TCNQ complex of 1, TCNQ complex of 3 was
obtained as a bluish green powder: IR (KBr) 2191, 2181,
2161, 1625, 1582, 1506 cm ™~ '; UV (KBr) 373, 672, 872 nm.
Anal. Calcd for (C14H10N4S2)(C12H4N4): C, 6214, H, 281,
N, 22.30. Found: C, 62.78; H, 2.81; N, 22.61%.

4.3.4. TCNQ complex of 5,5'-bis(4"-imidazolyl)-2,2’-
bithiophene [(4)(TCNQ)(H,0),7]. Following the same
procedure as that for TCNQ complex of 1, TCNQ complex
of 4 was obtained as a black powder: IR (KBr) 2194, 2182,
2158, 2125, 1623, 1576, 1505 cm ™ '; UV (KBr) 374, 662,
768, 872, ~2600 nm. Anal. Calcd for (C14H10N4SZ)(C12-
H4N4)(H20)0'7: C, 6062, H, 301, N, 21.75. Found: C,
60.87; H, 2.81; N, 21.40%.

4.4. X-ray crystallographic study

X-ray crystallographic measurements for single crystals
were made on Rigaku AFC7R for 2-H,O, and Rigaku
Raxis-Rapid Imaging Plate for 1-2H,0 and 3-2MeOH with
graphite monochromated Mo Ko radiation (A=0.7107 A).
Structures were determined by direct method using SIR-92
for 2-H,0, and SHELXS-86 for 1-2H,O and 3-2MeOH.
Refinements of structures were carried out by full-matrix
least squares on F~. All non-hydrogen atoms were refined
anisotropically, and all hydrogen atoms were included but
not refined.

Crystallographic data for the structural analysis have been
deposited with Cambridge Crystallographic Data Center,
CCDC reference numbers 258743, 258744 and 258745.
Copies of this information may be obtained free of charge
from The Director, CCDC, 12 Union Road, Cambridge CB2
1EZ, UK (fax: +44 1233 336033; e-mail: deposit@ccdc.
cam.ac.uk or http://www.ccdc.cam.ac.uk).
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Abstract—A new approach to the synthesis of chiral peptidomimetics is reported. It combines an enzymatic desymmetrization of
3-phenylglutaric anhydrides with a subsequent Ugi multi-component reaction in a one-pot, two-step procedure. NMR and CD spectroscopy
was used to assign the configurations of obtained products. Our synthetic method is very efficient and it can easily be extended to other types
of multi-component reactions and can be used for the preparation of chiral peptidomimetic libraries.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Multi-component reactions (MCRs) are of great interest for
medicinal chemistry.' MCRs can be efficiently used in the
synthesis of chiral compounds.” They are also useful in
peptidomimetic synthesis due to their ability to generate a
large number of compounds efficiently in one or two
synthetic steps.>* Commonly used MCRs include the Ugi
reaction.”® These reactions are especially attractive as a
one-pot tandem processes with other reactions.

Only a few examples can be found in the literature, in which
one-pot, two-step and one-pot, three-step methodologies
involving Ugi condensation were applied.”'® In the
significant majority of these processes, the Ugi MCR is
followed by a subsequent modification of the Ugi product,
as acidic hydrolysis or hydroxyaminolysis’ or post-
condensation modifications leading to cyclic products.®’

1

R Rl
Novozym 435 0 0
_—
EtOH, iPr,0 -~ 0
(0) (¢} (¢}
3a-c (S) - 4a-c

Scheme 1. Combination of enzymatic desymmetrization with Ugi condensation.

Keywords: Enzyme; Desymmetrization; Peptidomimetic.

The generation of chiral combinatorial libraries by one-pot
methodologies is much more challenging.”® To gain access
to the optically active reactants for MCRs at least one
additional step is required. Routinely chiral compounds are
obtained via stereoselective synthesis paths (including
enzymatic resolution) or by chiral HPLC resolution of
enantiomers. Unfortunately, constructing a combinatorial
library for pharmaceutical purposes or asymmetric synthesis
means that additional step(s) is/are involved.?! In most cases,
different types of chiral auxiliaries are used in these syntheses.
This leads to substantial complication of the overall processes,
since not all auxiliaries are cheap and readily available in both
enantiomeric forms. Moreover, two additional steps are
required for introduction and efficient removal of these
groups. Recently, we announced a novel approach towards
the synthesis of chiral combinatorial libraries.**

In this paper we present the results of our studies on the
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—_—.
N
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Scheme 2. The synthesis of monoesters 4.

combination of multi-component reactions with enzymatic
procedures (Scheme 1).

Our idea is based on the combination of enzymatic
procedures with multi-component condensations as a one-
pot, two-step reaction. We propose to use a meso reagent
(3) as a substrate, which can be enzymatically desym-
metrized into the desired optically active product (4). In this
way, two steps: enzymatic reaction and subsequent reaction
can be combined in one step. This two-step, one-pot
approach is much simpler then the ones currently used,
and application of chiral auxiliaries is omitted. We are
unaware of precedent methodology combining an enzy-
matic procedure with an MCC.

2. Results

The 3-phenylglutaric anhydrides (3), required for the
synthesis, were obtained according to the procedures
described previously>*** from appropriate benzaldehydes
(1) and ethyl acetylacetate (2) in yields of 41% for 3a, 80%
for 3b, and 19% for 3¢ (Scheme 2).

Since the carboxylic acid is one of the reactants in Ugi
MCR, we decided to generate these chiral reagents from
respective cyclic anhydrides 3. Enzymatic desymmetriza-
tion of meso-anhydrides with alcohols is known in
literature,”> " but it has been never applied for 3-phenyl-
glutaric anhydrides.

For the preparation of chiral monoesters 4, the following
immobilized enzymes were used: Novozym 435 (CAL-B),
Chirazyme L-2, c-f, c-3 lyso (CAL-B) and immobilized
Amano PS lipase. Enzymes not only carried out the
desymmetrization efficiently but the change of the enzyme

Table 1. Enzymatic desymmetrization of anhydrides 1

0}

6065
1
R
1
EtOH, Pyr, reflux, 3h R
m 5 0
\_/ s oH
(6] (6] EtOH, enzyme
3a-c 4a-c

provided access to different enantiomers (Table 1). The
reactions reached full conversion within a few days and
gave monoacids (4) in over 95% yields, while the same
racemic esters were obtained in 91, 89, 63% for 4a, 4b and
4c, respectively, according to the literature procedures.”~*

Absolute configurations of monoacids 4a and 4b were
established by comparison to literature data (vide infra). We
observed that while Novozym 435 and Chirazyme catalysed
formation of (S)-4a monoacid (78 and 80% ee, respect-
ively), the immobilized Amano PS lipase showed an
opposite selectivity ((R)-enantiomer formed with 66% ee).
Desymmetrization of anhydrides 3b and 3c led to the
formation of respective monoacids with lower enantiomeric
excess. According to our expectation, the enzyme changes
the stereoselectivity and the kinetics of the desymmetriza-
tion reaction. An influence of substituent on phenyl ring is
also observed. The presence of these substituents (4-Cl, for
4b and 4-OMe, for 4c) led to longer reaction time and
lowered the optical purity.

Our initial idea of combination of Ugi four-component
condensations with enzymatic desymmetrization was based
on the assumption that both experimental procedures can be
performed simultaneously, in the same solvent. Initially, we
tried to perform the Ugi reaction in ethereal solvents, using
racemic monoester 4a, butylamine, 2-naphthaldehyde and
ethyl isocyanoacetate as reagents (entry 1 in Table 2). The
reaction did not occur. Addition of alcohol was necessary to
complete the reaction. In the mixture of isopropyl ether
and methanol (2:1, v/v) the reaction proceeded in 24 h and
the desired product was obtained in 6% yield (entry 2 in
Table 2). It is already known that aromatic aldehydes are
not good substrates for Ugi reaction. For isovaleraldehyde,
n-butylamine and benzyl isocyanate, the yield increased to
82% (entry 6 in Table 2). Interestingly, upon dilution of this

Entry Lipase 4a 4b 4c
Time Yield ee?® Conf. Time Yield ee?® Conf. Time Yield ee?® Conf.
(h) (%) (%) (days) (%) (%) (days) (%) (%)
1 Novozym 435 48 99 78 ) 99 54 ) 13 99 68 )
2 Chirazyme L-2 48 99 80 ) 99 60 S 7 99 73 S)
3 Amano PS 48 95 66 (R) 99 14 (R) 7 99 52 S)
immob.

Reagents and conditions: To the solution of anhydride 3 (0.05 mmol) in iso-propyl ether (1 mL) ethanol (0.075 mmol) was added, followed by respective
lipase: Novozym 435-7.6 mg; Chirazyme L-2, c.-f., c-3, Amano PS—6.2 mg. The reaction was conducted until it reached full conversion and ee was

determined by HPLC on Chiracel OD-H column.



6066

Table 2. The synthesis of products Sa—i
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Entry § Acid 4 R? R? R* Solvent® Ugi MCR Enzymatic and Ugi reaction
Time Yield Time Yield [a]p (benzene)
(days) (days)
1 5a 4a 2-Naph CH,COOEt n-Bu A 4 0 —
2 5a 4a 2-Naph CH,COOEt n-Bu B 1 6 —
3 5a (S)-4a 2-Naph CH,COOEt n-Bu B 1 6 2 6
4 5b (S)-4a p-Br-Ph Bn n-Bu B 17 32 15 31 —4.0 (¢ 1.29)
5 5¢ (8)-4a i-Bu CH,COOEt n-Bu B 9 49 9 49 —0.9 (¢ 1.30)
6 5d 4a i-Bu Bn n-Bu B 4 82 —
7 5d (S)-4a i-Bu Bn n-Bu B 5 81 2 65 —0.4 (¢ 1.31)
8 Se (S)-4b i-Bu Bn n-Bu B 7 70 2 61 —4.9 (¢ 1.27)
9 5f (S)-4c¢ i-Bu Bn n-Bu B 7 72 2 78 —3.0 (¢ 1.28)
10 5¢g (S)-4a i-Bu Bn Bn B 4 80 2 67 +9.0 (¢ 1.50)
11 5h (S)-4a p-Br-Ph Bn Bn B 17 23 15 25 —13.8 (¢ 1.43)
12 5i (S)-4a 2-Naph CH,COOEt Bn B 2 33 —

# Solvents: A—i-Pr,0, rt; B—i-Pr,O/MeoH, 2:1, v/v, rt.

reaction mixture the yield of reaction decreased to 65%
(concentrations of substrates are 0.042 and 0.170 M).
Further, dilution decreased the yield to 44% and the reaction
became poorly reproducible. In order to preserve repro-
ducibility, all experiments were performed at concentration
of substrates 0.1 M.

In the next experiments, we applied our two-step, one-pot
approach based on combination of enzymatic desymme-
trization of anhydrides 3 with subsequent Ugi MCR for the
synthesis of compounds 5. The same compounds were
obtained in Ugi MCR with chiral or racemic acids 4. The
results are presented in Table 2.

In Ugi reaction with racemic acid 4a, product 5a was
obtained in 6% yield (entry 3 in Table 2). The same yield
was obtained when the reaction was repeated with chiral
acid (S)-4a or when enzymatic desymmetrization was
combined with Ugi MCR (entry 3 in Table 2). Better yields
were obtained for p-bromobenzaldehyde as a substrate
(entry 4 in Table 2) and our approach led to formation of the
desired product in almost the same yield as for the two
separate reactions. Optical rotation of compound 5b proved
that a chiral, nonracemic product 5S¢ was obtained. For
isovaleraldehyde, the two-step approach leads to formation
of a 1:1 diastereoisomeric mixture of products 5¢ in 49%
yield (entry 5 in Table 3). Our two-step but one-pot
approach did not change the yield of reaction, and optical
rotation of products proved that racemisation did not occur.
It is interesting to note that Ugi reaction of racemic acid 4a
proceeds in 82% yield (entry 6 in Table 2). The same, but
chiral product was obtained in lower, 67% yield, in two-step
process. Our one-pot two-step process proceeds in 81%

yield similar to that for Ugi reaction of racemic acid (entry 7
versus entry 6 in Table 3). Desymmetrization of 3-(4-
chlorophenyl)-anhydride (3b) combined with Ugi conden-
sation is also straightforward. The corresponding product
Se, obtained in one-pot, two-step methodology, was formed
in slightly lower yield (entry 8 in Table 3) in respect of the
two-pot process.

It is evident from the data presented in Table 3, that the
combination of enzymatic desymmetrization with Ugi MCR
proceeds efficiently. In most cases, the yields of the one-pot,
two-step procedure are similar to the yields of Ugi reaction
performed on pure monoacid 4.

We observed that all the products 5 consisted of a syn/anti
diastereoisomeric mixture, in approximately 1:1 ratio on
newly formed C-7 chiral centres, what was evident from
NMR and HPLC data.

In the case of products Sc—f, the diastereoisomers were
separated by preparative TLC. Relative configurations at
C-3 and C-7 carbons were assigned by 'H NMR
spectroscopy. The most distinctive '"H NMR data of
separated diastereoisomers of compounds Sc—f are shown
in Table 3.

The analysis of proton spectra led us to a conclusion that all
less polar diastereoisomers of compounds Sc—f-possess the
same anti configuration, at C-3 and C-7 carbon atoms.
Analogously, the more polar diastereoisomers possess
relative syn configuration.

The most significant difference is observed for NH protons,

Table 3. The most distinctive "H NMR data for peptidomimetic Sc—f diastereoisomers

Entry Comp. Chemical shifts ¢ (ppm) and coupling constant J,.,, (Hz)

NH NHCH,R CH,CHPh CH;*
1 Sc anti 6.55 3.76; 3.85 Jgo,=18.0 2.66; 2.80 Jy,,, =154 0.84-0.96 (m)
2 5c syn 7.00 3.85;3.98 2.60-2.80 0.79 (d, J=6.5)
3 5d anti 6.66 4.17, 4.33 J,,,, =149 2.63; 2.75 Jge=15.5 0.83-0.92 (m)
4 5d syn 6.95 4.35 2.64; 2.69 0.79 (d, J=6.5)
5 Se anti 6.67 4.18; 4.34 J,.,,=14.8 2.63;2.73 Jgory=16.6 0.84-0.92
6 Se syn 6.91 4.35 2.55-2.71 0.77 (d, J=6.5)
7 5f anti 6.68 4.17; 4.34 J,.,,=14.9 2.59; 273 Jpey=15.4 0.82-0.92 (m)
8 5f syn 6.96 4.35 2.55-2.71 0.79 (d, J=6.5)

 For one of the CH; groups from i-Bu chain.
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which are shifted downfield for all syn compounds (Ao
0.28-0.45 ppm, Table 3). We postulate that intramolecular
hydrogen bond formation can be responsible for this
phenomenon. In case of opposite diastereoisomers such a
bond is weakened due to steric repulsion. Spectral data
suggest that the syn diastereoisomers can be folded
analogously, as it is observed in B-turn mimetics,>' while
the anti diastereoisomers possess an open chain
conformation.

2.1. Attempt to assign the absolute configurations by CD
spectroscopy

An effort was also made to assign unambiguously the
absolute configuration to compounds syn-5d, anti-5d and
syn-5c¢, anti-5c¢. For this purpose, circular dichroism
spectroscopy was chosen. UV and CD data of compounds
Sc and 5d are presented in Table 4. As can be seen from the
table, the less polar components of both reaction mixtures,
namely compounds syn-5c and syn-5d, displayed the same
shape of their CD curves in the 250185 nm spectral range
(Fig. 1).

Analogously, in the same spectral region (Table 4), CD
curves of more polar components anti-5d and anti-Sc are
similar to each other, that is, the signs of particular Cotton
effects (CEs) are the same with very similar amplitudes.
In addition, their CD curves are in a mirror—image
relationship to those of the less polar compounds. The
only exception to this regularity presents the long-
wavelength CE occurring at 268 nm being negative for all
compounds investigated. This CE, associated with an
electronic absorption observed at 257 nm, can be attributed
to the 'L, benzene transition. According to the benzene
sector rule, the negative sign of this CE points unam-
biguously to the (S) absolute configuration at the stereogenic
centre contiguous to the benzene ring.32 Thus, (35,75)
configuration can be assumed for the syn diastereoisomer
and (3S,7R) for the anti diastereoisomers. The presence of
an additional phenyl substituent in compounds (3S,7S5)-5d
and (3S,7R)-5d (entries 1 and 2 in Table 4) does not affect
this assignment because the sign of the 'Ly, CE depends
exclusively upon the chirality of the chiral centre directly
linked to the benzene ring. Thus, the configuration assign-
ment made on the basis of the benzene sector rule
corroborates nicely with the assignment previously done
on the basis of NMR spectroscopy.

Independent determination of the absolute configuration at
the second stereogenic centre, however, remains a much
more difficult task. Different functional groups, present in
the molecules, have their own contributions to the overall
CD spectrum approximately at the same energy range. Thus,

12
- (38,78) 5¢
8
B (35,75) 5d
i)
(38, 7R} 5d
(3S,7R) 5¢
| |
200 220 240 260 280
Wavelength [nm]
Figure 1. CD spectra of compounds (35,75)-5d (= ), (35,75)-5¢
( ), (3S,7R)-5d (—-—-—-— ), and (3S,7R)-5¢ (- - - - -~ ) recorded in

acetonitrile.

the most pronounced CE at ca. 230 nm poses a sum of
contributions stemming from the amide, ester and phenyl
groups. It has to be added that, due to the conformational
mobility, different rotamers also contribute to the overall
spectrum with their own CD. Therefore, the absolute
configuration assignment to the second stereogenic centre
(C-7) is impossible only on the basis of CD spectroscopy.
Additional data is required to correlate the absolute
configuration and the sign of the specific CD band.
Nevertheless, on the basis of the same signs of the CE
around 230 nm, we are able to state that the less and the
more polar products have the same absolute configuration at
the carbon atom directly attached to the tertiary amide
nitrogen. Further study allowing the determination of the
absolute configuration at this stereogenic centre is in
progress in our laboratory.

3. Conclusions

We developed a general, simple and efficient method for
chiral peptidomimetic preparation. Combination of the
enzymatic and Ugi reactions gave us access to the optically
active compounds 5. Both reactions can be performed
separately or successively, without isolation of the inter-
mediates. The latter approach evidently simplifies the
overall process. In our opinion, the one-pot enzymatic
desymmetrization followed by Ugi reaction can be readily
extended to prepare chiral, Ugi-type combinatorial libraries
starting from achiral substrates. This efficient process opens
new options in organic chemistry. It can be easily extended
to other types of reactions and used to generate chiral
peptidomimetic libraries as well. According to our knowl-
edge, this is the first example of combination of enzymatic
procedures with multi-component conden-sations.

In enzymatic reactions, one can control the stereochemistry

Table 4. UV and CD data of compounds 5¢ and S5d—peptidomimetics obtained by Ugi reaction and diastereoisomers separations recorded in acetonitrile

Entry Comp. uv CD

(A Ae (1)
1 (38,75)-5¢ (syn) 280 (257) 15 900 (205°) +3.10 (193.0) —0.46 (210.5) —4.56 (228.5) —0.05 (268.0)
2 (3S,7R)-5c¢ (anti) 260 (257) 14700 (205°™) —0.69 (197.0) +1.17 (207.0°") +6.92 (229.5) —0.03 (268.0)
3 (38,75)-5d (syn) 450 (257) 24 500 (207°") +12.1 (191.5) —2.40 (210.5°") —9.23 (229.5) —0.03 (268.0)
4 (3S,7R)-5d (anti) 480 (257) 24300 (207°%) —1.68 (197.5) +1.16 (209.5) +6.96 (230.5) —0.02 (268.0)

UV and CD values are given as ¢ (nm) and Ae (nm), respectively.
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of C-3 carbon atom. Unfortunately, the C-7 center formed
in the Ugi reaction cannot be controlled. The resulting
mixtures of diastereoisomers can be readily separated using
column chromatography.

An attempt was made to assign relative configuration in
obtained products using NMR and CD spectroscopy. By
proton NMR, the relative configurations of less polar
diastereoisomers were assigned to be anti. Spectral data
suggest that all more polar, syn diastereoisomers are folded,
as it is analogously observed in B-turn mimetics. Currently,
the absolute configurations of chiral products cannot be
assigned using CD spectroscopy. Further studies into
unambiguous configuration assignment by CD spectroscopy
are in progress in our laboratory.

4. Experimental
4.1. General

NMR spectra were recorded in CDCl; with TMS as an
internal standard using a 200 MHz Varian Gemini 200 or a
500 MHz Bruker DRX 500 Avance spectrometers. Chemi-
cal shifts are reported in ppm and coupling constants (J) are
given in Hertz (Hz). MS spectra were recorded on an API-
365 (SCIEX) apparatus. IR spectra in CHCl; were recorded
with a Perkin Elmer FT-IR Spectrum 2000 apparatus.
Optical rotations were measured in 1 dm cell of 1 mL
capacity using a Jasco DIP-360 polarimeter operating at
589 nm. HPLC analyses were performed on a LC-6A
Shimadzu apparatus with an UV SPD-6A detector and a
Chromatopac C-R6A analyser.

The determination of enantiomeric excess of monoesters 4
was performed on a Chiracel OD-H column 4.6 mmX
250 mm (from Diacel Chemical Ind., Ltd) equipped with
a pre-column (4 mm X 10 mm, 5 p). The determination of
diastereoisomeric ratio of the Ugi products 5 was performed
on a Kromasil SI 60 A column (4.6 mm X250 mm) from
Eka Chemicals.

CD spectra were measured using a JASCO J-715 spectro-
polarimeter in 1 cm and 1 mm cells in acetonitrile at
concentrations approximately of 2X 10~* M. The elemen-
tal analyses were performed on a CHN Perkin—-Elmer 240
apparatus. Melting points are uncorrected. All reactions
were monitored by TLC on Merck silica gel plates 60 Fsy4.
Preparative TLC was performed on 0.5 mm Kieselgel 60
F,s4 preparative plates. Column chromatography was
performed on Merck silica gel 60/230-400 mesh.

Immobilized lipase Amano PS-C was purchased from
Amano. Chirazyme L-2, c.-f., c-3, lyo. (C. antarctica lipase
type B) was purchased from Roche. Novozym 435 was
purchased from Novo Nordisk. All the chemicals were
obtained from common chemical suppliers. The solvents
were of analytical grade.

4.2. Chemistry

4.2.1. 3-Phenylglutaric acid anhydride (3a). The anhy-
dride 3a was obtained according to the literature

procedures™* in 40% yield as white crystals (EtOAc/
hexane): mp 104-105 °C (lit. 104-105*); "H NMR 6 2.86
(dd, J=11.3, 17.2 Hz, 2H), 3.08 (dd, /=4.5, 17.2 Hz, 2H),
3.30-3.50 (m, 1H), 6.90-7.40 (m, 5H); '?C NMR 6 34.7,
37.7, 126.8, 128.7, 129.9, 139.7, 166.6.

4.2.2. 3-(4-Chlorophenyl)glutaric acid anhydride 2b. The
anhydride 3b was prepared in 80% overall yield as white
crystals (EtOAc/hexane): mp 126 °C (lit. 131-133*; R;=
0.36 (CHCl3/MeOH/HCOOH, 100:2:0.05); '"H NMR 6 2.82
(dd, J=11.4, 17.2 Hz, 2H), 3.08 (dd, J=4.5, 17.2 Hz, 2H),
3.34-3.50 (m, 1H), 6.91 (d, /=8.4 Hz, 2H), 7.12 (d, J=
8.8 Hz, 2H); 'C NMR ¢ 34.2, 37.6, 37.8, 128.1, 128.2,
130.1, 134.6, 138.0, 166.0; Anal. Calcd for C;;HoClO;: C,
58.81; H, 4.04. Found: C, 58.19; H, 4.05.

4.2.3. 3-(4-Methoxyphenyl)glutaric acid anhydride 3c.
The anhydride 3¢ was prepared in 19% overall yield as
white crystals (EtOAc/hexane): 155-156 °C (lit. 155-—
157%); R;=0.60 (hexane/EtOAc, 6:4); '"H NMR 6 2.82
(dd, J=11.2, 17.0 Hz, 2H), 3.08 (dd, J=4.5, 17.0 Hz, 2H),
3.31-3.44 (m, 1H), 3.81 (s, 1H), 6.91 (d, J=8.4 Hz, 2H),
7.12 (d, J=8.8 Hz, 2H); >*C NMR 6 '*C NMR 6 33.3, 37.3,
55.3, 114.7, 127.3, 131.0, 159.1, 166.0; Anal. Calcd for
C,H,04: C, 65.45; H, 5.49. Found: C, 65.90; H, 5.44.

4.3. General procedure for chemical synthesis of 3-aryl-
glutaric acid monoethyl esters (4)

Model racemic monoethyl esters 4 were obtained by the
procedure described before®* in 91% yield for 4a yield 89%
for 4b, 63% for 4c, respectively. Spectral and physical data
are in accordance with data obtained for chiral monoesters 4
obtained in enzymatic reaction.

4.4. General procedure of synthesis of chiral monoesters
of 3-arylglutaric acids (4) with Novozym 435 in iso-
propyl ether

To the solution of anhydride (3, 0.5 mmol) dissolved in iso-
propyl ether (10 mL), lipase (75.0 mg) and absolute ethanol
(0.80 mmol) were added. The reaction was carried out at
room temperature and its progress was monitored by TLC
(CHCl3/MeOH/HCOOH, 100:2:0.05). The enzyme was
filtered off and residue was concentrated to give a monoester
4 as colourless oil. The product was recrystallized from
Et,O/hexane (or EtOAc/hexane).

4.4.1. (S)-3-Phenylglutaric acid monoethyl ester, (S)-4a.
The reaction reached full conversion after 43 h to give
(S)-4a in 99% yield as a colourless oil. After crystallisation
(Et,O/hexane), the ester was obtained as white crystals in
66% yield. Mp 58-59 °C (lit. 59-60°*); [a]f —9.5 (¢ 1.10,
benzene) (lit. [«]5 9.47 (¢ 1.1, benzene) for (R)-enantio-
mer)36; HPLC analysis [hexane/i-PrOH/CH3;COOH,
185:14:1; A=226 nm; 1.0 ml/min; ¢x(S)=8.26 min,
tr(R)=28.95 min)] 78% ee; R;=0.24 (CHCl3/MeOH/
HCOOH, 100:2:0.05); 'H NMR (200 MHz, CDCl5): 6
1.15 (t, J=7.1 Hz, 3H), 2.68-2.81 (m, 4H), 3.10-3.25
(m, 1H), 4.08 (q, J=7.1 Hz, 2H), 7.28 (m, 5H); 3C NMR
(50 MHz, CDCls): 6 14.7, 38.6, 41.3, 61.1, 113.4, 127.8,
129.1, 142.8, 156.9, 172.1, 178.1; IR (CHCl3) vy, 3513
(OH), 1727 (C=0) cm ™ '; LSIMS (+), NBA, (m/z), 259
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(IM+Na]™, 56%), 237 (IM+H]", 100%); LSIMS (+),
NBA +NaOAc, (m/z), 281 ((M+2Na] ™, 100%), 259 ([M +
Na]t, 41%).

4.4.2. (S)-3-(4-Chlorophenyl)glutaric acid monoethyl
ester, (S)-4b. The reaction reached full conversion after
4 days to give (5)-4b as an oil in 99% yield. After
crystallisation, the ester was obtained as white crystals in
61% yield. Mp 56 °C (Et,O/hexane); [a]h —3.8 (¢ 0.90,
CHCIl3); HPLC analysis [hexane/i-PrOH/CH3;COOH,
185:14:1; A=226 nm; 1.0 ml/min; 7£(S)=9.0 min, 7x(R)=
9.8 min]; R;=0.27 (CHCl3/MeOH/HCOOH, 100:2:0.05);
"H NMR (200 MHz, CDCl5): 6 1.15 (t, J=7.1 Hz, 3H), 2.69
(m, 4H), 3.60 (m, 1H), 4.03 (q, J=7.1 Hz, 2H), 7.15 (d, J=
8.6 Hz, 2H), 7.34 (d, J=8.6 Hz, 2H), 10.7 (s, 1H); >*C NMR
(50 MHz, CDCl3) ¢ 14.7, 38.0, 40.7, 41.1, 61.2, 115.1,
129.2,129.3,129.4, 133.3, 141.2, 171.8, 177.8; Anal. Calcd
for C13H;5Cl0,4: C, 57.68; H, 5.59. Found: C, 57.59; H,
5.74.

4.4.3. (S)-3-(4-Methoxyphenyl)glutaric acid monoethyl
ester, (S)-4¢. The reaction reached full conversion after 19
days to give (S)-4¢ as an oil in 93% yield. After crystal-
lisation (Et,O/hexane), the ester was obtained as white
crystals in 71% yield. Mp 75-77 °C (lit. 78%"); [a]R +8.3 (¢
0.95, EtOH); HPLC analysis [hexane/i-PrOH/CH;COOH
193:6:1; A=226 nm; 0.7 ml/min; tx(S)=26.5 min, tx(R)=
29.1 min] 69% ee; R;=0.28 (CHCIl3/MeOH/HCOOH,
100:2:0.05); "H NMR (200 MHz, CDCl5): 6 1.20 (t, J=
7.2 Hz, 3H), 2.74 (m, 4H), 3.63 (m, 1H), 3.83 (s, 3H), 4.09
(q, J=7.2 Hz, 2H), 6.9 (d, J=7.0 Hz, 2H), 7.19 (d, J=
7.2 Hz, 2H); >*C NMR (50 MHz, CDCl5) 6 14.6, 41.1, 41.1,
55.9, 60.9, 114.8, 129.4, 136.0, 159.4, 172.9, 174.8; Anal.
Calcd for C4H;305: C, 63.15; H, 6.81. Found: C, 63.12; H,
6.81.

4.5. General procedure for synthesis of compounds 5

To a solution of monoester 4 (1.0 mmol) in iso-propyl ether/
methanol mixture (2:1, v/v, 5 mL), aldehyde (1.1 mmol),
amine (1.1 mmol) and isonitrile (1.0 mmol) were added
subsequently at 0 °C. The reaction was allowed to warm up
to room temperature and its progress was monitored by
TLC. After the reaction was completed, the solvent was
removed in vacuo and the residue was poured into 10 mL of
EtOAc. The organic solution was washed consecutively
with hydrochloric acid (1 M, 10 mL), sodium hydroxide
(1 M, 10 mL), saturated sodium sulphite solution (10 mL)
and brine (10 mL), and dried (MgSO,). The solvent was
evaporated and the product 5 was isolated by flash
chromatography.

4.6. General experimental procedure for tandem
enzymatic-Ugi reaction

To a solution of glutaric anhydride 3 (1.0 mmol) in 10 mL
of iso-propyl ether, lipase (150 mg) and ethanol
(1.50 mmol, 90 pL, 99.8% pure) were added. The reaction
was carried out at room temperature and its progress was
monitored by TLC. After all the substrate reacted, the
enzyme was filtered off and washed with iso-propyl ether
and concentrated to 1% of volume, then iso-propyl ether/
methanol mixture (2:1, v/v, 5mL) was added.

Subsequently, the aldehyde (1.1 mmol), the amine
(1.1 mmol) and the isonitrile (1.0 mmol) were added to
the resulting solution cooled to 0°C. The reaction was
allowed to warm up to room temperature and its progress
was monitored by TLC. When the reaction was completed,
the solvent was removed in vacuo and the residue was
poured into 10 mL of EtOAc. The organic solution was
washed consecutively with hydrochloric acid (1 M, 10 mL),
sodium hydroxide (1 M, 10 mL), saturated sodium sulphite
solution (10 mL) and brine (10 mL), and dried (MgSOQy).
The solvent was evaporated and the product was isolated by
flash chromatography.

4.6.1. Compound 5a (syn/anti mixture). Yellow oil, R;=
0.24 (hexane/EtOAc/CH;COOH, 7:3:0.17); 'H NMR
(200 MHz, CDCl3) 6: 0.80-1.50 (m, 13H), 2.40-2.90 (m,
4H), 3.15-3.30 (m, 2H), 3.47 (q, J=7.0 Hz, 2H), 3.70-3.90
(m, 1H), 4.00-4.10 (m, 2H), 4.47 (m, 2H), 5.83 (s, 1H,
rotamers), 6.07 (s, 1H, rotamers), 6.23 (m, 1H, NH,,,;), 6.46
(m, 1H, NHy,), 6.8-7.8 (m, 12H). MS (ESI): m/z=583
(IM+Na]™*, 100%); (ESI-MS HR: m/z Calcd for
C33H40N206Na: 583.2779. Found: 583.2783.

4.6.2. Compound 5b (syn/anti mixture). Yellow oil; R;=
0.32 (hexane/EtOAc, 7:3); [a]%2 —4.0 (c 1.29, benzene); 'H
NMR (200 MHz, CDCls) 6 0.71-0.81 (m, 3H), 1.12 (t, J=
7.1 Hz, 3H), 1.00-1.50 (m, 4H), 2.68-2.90 (m, 4H), 3.10-
3.30 (m, 2H), 3.68-3.90 (m, 1H), 3.93-4.15 (m, 2H), 4.44
(dd, J=5.9, 10.5 Hz, 2H), 5.62 (s, 1H, rotamers), 5.87 (s,
1H, rotamers), 6.45-6.60 (m, 1H, NH,,;), 6.83—6.90 (m,
1H, NH,,,), 7.04 (dd, J=8.6, 16.4 Hz, 2H), 7.15-7.30 (m,
10H), 7.37 (d, J=8.6 Hz, 2H); '*C NMR (50 MHz, CDCl;)
0:13.5, 14.0, 19.9, 31.6, 38.6, 38.8, 39.3, 39.4, 40.4, 43.6,
46.5, 60.3, 61.2, 62.7, 122.0, 126.7, 126.8, 127.0, 127.3,
127.5, 127.6, 128.5, 130.5, 130.6, 131.5, 134.2, 137.9,
142.8, 169.2, 171.7, 172.1; MS (ESI): m/z=617 ([IM+
Na]™, 100%), 615 ((IM+Na]™; 76%); ESI-MS HR: m/z
Calcd for C;,H37N,O4NaBr: 617.1829. Found: m/z:
617.1796.

4.6.3. Compound 5c (syn/anti mixture). Reaction time:
9 days. The product was purified by flash chromatography
to give two fractions Ry =0.26—anti-diastereoisomer
and Ry =0.15—syn-diastereoisomer (hexane/EtOAc, 7:3) in
49% total yield as viscous transparent oil. [a]%ﬁvn,am —-09
(¢ 1.30, benzene). ‘

4.6.4. Compound (3S,7R)-5c¢ (anti-diastereoisomer).
Transparent oil; Ry=0.26 (hexane/EtOAc, 7:3); '"H NMR
(500 MHz, CDCl5) 6 0.84-0.096 (m, 9H) 1.15 (t, J=7.1 Hz,
3H), 1.26 (t, J=7.1 Hz, 3H), 1.25-1.32 (m, 2H), 1.35-1.45
(m, 2H), 1.48-1.56 (m, 2H), 1.75-1.81 (m, 1H), 2.66 (dd,
J=7.7,15.4 Hz, 1H), 2.71-2.77 (m, 2H), 2.80 (dd, J=7.1,
15.4 Hz, 1H), 3.05-3.20 (m, 2H), 3.76 (dd, J=5.7, 18.0 Hz,
1H), 3.85 (dd, J=6.0, 18.0 Hz, 1H), 3.77-3.82 (m, 1H),
4.04 (dg, J=2.6,7.1 Hz, 2H), 4.17 (q, J=17.1 Hz, 2H), 4.96
(t, J=7.0 Hz, 1H), 6.55 (br s, 1H), 7.17-7-21 (m, 1H),
7.22-7.30 (m, 4H); '*C NMR (125 MHz, CDCls) 13.6, 14.0,
14.1, 20.2, 22.2, 22.5, 22.8, 24.7, 32.2, 36.7, 38.9, 39.7,
40.5, 41.1, 45.5, 60.4, 61.1, 126.8, 127.4, 128.5, 143.1,
169.4, 171.8, 172.7; MS (ESI): m/z=513 (IM+Na]™,
64%), 491 ((M+H] ", 100%), ESI-MS HR: m/z Calcd for
C27H43N206: 491.3121. Found: m/z: 491.3134.



6070 A. Fryszkowska et al. / Tetrahedron 61 (2005) 6064—6072

4.6.5. Compound (3S,75)-5¢ (syn diastereoisomer).
Transparent oil; R;=0.15 (hexane/EtOAc, 7:3); 'H NMR
(500 MHz, CDCl3) 6 0.79 (d, J=6.5 Hz, 3H), 0.85 (d, J=
6.6 Hz, 3H), 0.88-0.97 (m, 3H), 1.15 (t, J=7.1 Hz, 3H),
1.26 (t, J=7.1 Hz, 3H), 1.24-1.32 (m, 2H), 1.35-1.55 (m,
4H), 1.68-1.75 (m, 1H), 2.60-2.80 (m, 4H), 3.05-3.20 (m,
2H), 3.73-3.84 (m, 1H), 3.85 (d, J=5.3 Hz, 1H), 3.98 (d,
J=6.3 Hz, 1H), 4.00-4.08 (m, 2H), 4.17 (q, J=7.1 Hz, 2H),
497 (t, J=7.4 Hz, 1H), 7.00 (t, J=5.3 Hz, 1H), 7.17-7.30
(m, 5H); *C NMR (125 MHz, CDCl5) 6 13.6, 14.0, 14.1,
20.3, 22.1, 22.8, 24.5, 31.9, 36.5, 38.8, 39.6, 40.7, 41.1,
60.4, 61.1, 126.8, 127.2, 127.4, 128.5, 143.1, 169.5, 172.0,
172.1, 172.8; MS (ESI): m/z=513 ((M+Na] ™, 50%), 491
(IM+H]", 100%), ESI-MS HR: m/z Caled for
Co7H43N506: 491.3121. Found: m/z: 491.3105.

4.6.6. Compound (3S,7RS)-5d. Reaction time: 2 days. The
product was purified by flash chromatography (R;=0.23,
hexane/EtOAc, 8:2) and obtained as a colourless oil in
65% yield. The 'H NMR spectrum was a superposition
of 2 separate diastereoisomers. ESI-MS: m/z=517
(IM+Na]*, 100%); ESI-MS HR: m/z Calcd for
[M+Na] ™, C30H4N,O4Na: 517.3037. Found: 517.3028;
[a]zDiy,,,a,,,,» —0.4 (c 1.31, benzene). The diastereoisomers
(in 1.1:1 ratio) were separated by preparative TLC (R;=
0.16 and 0.15, hexane/i-PrOH, 95:5; 6 times reversed).

4.6.7. Compound (3S,7R)-5d (anti-diastereoisomer).
Transparent oil; '"H NMR (500 MHz, CDCls) ¢ 0.83-0.92
(m, 9H), 1.14 (t, 3H, J=7.1 Hz), 1.17-1.33 (m, 4H) 1.36—
1.48 (m, 1H), 1.49-1.61 (m, 1H), 1.69-1.84 (m, 1H), 2.63
(dd, J=17.5,15.5 Hz, 1H), 2.66-2.72 (m, 2H), 2.75 (dd, J=
7.3, 15.5 Hz, 1H), 3.05-3.15 (m, 2H), 3.73 (quintet, 1H, J=
7.3 Hz), 4.01 (dq, J=3.6, 7.1 Hz, 2H), 4.17 (dd, J=5.6,
14.9 Hz, 1H), 4.33 (dd, J=6.4, 14.9 Hz, 1H), 4.94 (br s,
1H), 6.66 (br s, 1H), 7.13-7.31 (m, 10H); '*C NMR
(125 MHz, CDCl5) 6 13.6, 14.0, 20.2,22.2,22.9, 24.7, 32.0,
36.7, 38.8, 39.7, 40.5, 43.2, 45.2, 60.4, 126.8, 126.9, 127.1,
127.2, 127.3, 127.5, 127.7, 128.4, 128.5, 128.6, 138.4,
143.0, 171.4,171.8, 172.5; ESI-MS: m/z=517 (M+Na] ",
100%); ESI-MS HR: m/z Caled for [M+Na]™t,
C5oH4N,0O4Na: 517.3037. Found: 517.3062.

4.6.8. Compound (35,75)-5d (syn-diastereoisomer).
Transparent oil; R;=0.23 (hexane/EtOAc, 8:2); '"H NMR
(500 MHz, CDCl53) 6 0.79 (d, J=6.5 Hz, 3H), 0.82-0.97 (m,
6H), 1.12 (t, J=17.1 Hz, 3H), 1.18-1.33 (m, 4H), 1.35-1.45
(m, 1H), 1.47-1.57 (m, 1H), 1.70-1.77 (m, 1H), 2.64 (dd,
J=5.4, 7.3 Hz, 2H)), 2.69 (dd, J=7.3, 8.5 Hz, 2H), 3.05-
3.15 (m, 2H), 3.75 (quintet, J=7.3 Hz, 1H), 3.98 (dq, /=
4.3, 7.1 Hz, 2H), 4.35 (d, J=6.0 Hz, 2H), 4.94 (t, 1H, J=
7.4 Hz), 6.95 (br s, 1H), 7.14-7.31 (m, 10H); °*C NMR
(125 MHz, CDCl3) 6 13.6, 14.0, 20.2, 22.1, 22.2,22.9, 24.6,
31.9, 36.6, 38.8, 39.5, 40.8, 43.3, 45.0, 60.4, 126.8, 127.1,
127.2, 127.7, 128.5, 128.6, 138.4, 140.1, 171.5, 172.0,
172.6; ESI-MS: m/z=518 517 ((M+Na] *, 100%); ESI-MS
HR: m/z Caled for [M+Na] ™, C30H4N,O4Na: 517.3037.
Found: 517.3020.

4.6.9. Compound (3S,7RS)-5e. Reaction time: 2 days. The
product was purified by flash chromatography (R;=0.41,
hexane/EtOAc, 7:3) and obtained in 61% yield as colourless
oil that solidified. "H NMR spectrum was superposition of

two separated diastereoisomers. ESI-MS: m/z=552 (M +
Na]™, 5%), 551 ((M+Na]*, 100%); ESI-MS HR: m/z
Caled for [M+Na]™, C3oHaim204NaCl: 551.2647. Found:
551.2650; [alfymani —4.9 (c 1.27, benzene). The dia-
stereoisomers (in 1.1:1 ratio) were separated by PTLC (R;=
0.15 and 0.14, respectively, hexane/i-PrOH, 95:5; 8 times
reversed).

4.6.10. Compound (3S,7R)-5e (anti-diastereoisomer).
Colourless oil; Ry=0.41 (hexane/EtOAc, 7:3); 'H NMR
(500 MHz, CDCl53) 6 0.84-0.92 (m, 9H), 1.15 (t, 3H, J=
7.1 Hz), 1.18-1.33 (m, 4H), 1.35-1.48 (m, 1H), 1.50-1.59
(m, 1H), 1.73-1.85 (m, 1H), 2.63 (dd, /=7.8, 15.6 Hz, 1H),
2.67-2.73 (m, 2H), 2.73 (dd, J=7.0, 15.6 Hz, 1H), 3.05—
3.20 (m, 2H), 3.73 (quintet, J=7.3 Hz, 1H), 4.01 (dq, /=
3.5, 7.1 Hz, 2H), 4.18 (dd, J=5.6, 14.8 Hz, 1H), 4.34 (dd,
J=6.4, 14.8 Hz, 1H), 491 (t, J=6.0 Hz, 1H), 6.67 (br s,
1H), 7.13-7.19 (m, 4H), 7.20-7.30 (m, 5H); '*C NMR
(125 MHz, CDCl3) 6 13.6, 14.1, 20.2, 22.2, 22.8, 24.7, 32.0,
36.7,38.1,39.4, 40.4, 43.2,45.2, 60.5, 127.2, 127.6, 128.5,
128.6, 128.7, 132.6, 138.3, 141.6, 171.3, 171.5, 172.2;
ESI-MS: m/z=552 ([M+Na]™, 6%), 551 ((M+Na]™,
100%); ESI-MS HR: m/z Caled for [M+Na]™,
C30H41N,O4NaCl: 551.2647. Found: 551.2661.

4.6.11. Compound (35,75)-5e (syn-diastereoisomer).
Colourless oil, R;=0.41 (hexane/EtOAc, 7:3).1H NMR
(500 MHz, CDCls) 6 0.77 (d, J=6.5 Hz, 3H), 0.84-0.90 (m,
6H), 1.14 (t, J=7.1 Hz, 3H), 1.17-1.34 (m, 4H), 1.35-1.44
(m, 1H), 1.49-1.57 (m, 1H), 1.67-1.74 (m, 1H), 2.55-2.71
(m, 4H), 3.08-3.15 (m, 2H), 3.74 (quintet, J=7.3 Hz, 1H),
3.99 (dq, J=7.1,4.5 Hz, 2H), 4.35 (d, J=5.9 Hz, 2H), 4.92
(t,J=7.3 Hz, 1H), 691 (brs, 1H), 7.13 (dd, /=1.8, 6.6 Hz,
2H), 7.19-7.27 (m, 5H), 7.28-7.32 (m, 2H); >C NMR
(125 MHz, CDCls) 6 13.5, 13.9, 20.1, 22.0, 22.7,, 24.4, 31.8,
36.4, 38.0, 39.1, 40.5, 43.2, 44.7, 60.4, 127.1, 127.6, 128.3,
128.4, 128.5, 132.4, 138.2, 141.3, 171.2, 171.5, 172.1; ESI-
MS: m/z=552 ((M+Na]*, 6%), 551 ((IM+Na] ™, 100%);
ESI-MS HR: m/z Calcd for [M+Na] ™, C30H4N,O4NaCl:
551.2647. Found: 551.2630.

4.6.12. Compound (3S,7RS)-5f. Reaction time: 2 days.
The product was purified by flash chromatography
(Ry=0.36, hexane/EtOAc, 7:3) and obtained as colour-
less oil in 78% yield. "H NMR spectrum was superposition
of two separated diastereoisomers. ESI-MS: m/z=>547
(IM+Na]™, 100%); ESI-MS HR: m/z Calcd for
[M+Na] ™, C3;H44N,NaOy4: 547.3137. Found: 547.3139;
[a]zDiyn,an,i —3.0 (c 1.28, benzene). The diastereoisomers
(in 2.4:1 ratio) were separated by PTLC (Ry=0.15 and
0.14, hexane/i-PrOH, 95:5; 11 times reversed).

4.6.13. Compound (3S,7R)-5f (anti-diastereoisomer).
Colourless oil; R;=0.36 (hexane/EtOAc, 7:3); 'H NMR
(500 MHz, CDCl3) 6 0.82-0.92 (m, 9H), 1.14 (t, J=7.1 Hz,
3H), 1.18-1.35 (m, 4H) 1.36-1.47 (m, 1H), 1.50-1.59 (m,
1H), 1.75-1.83 (m, 1H), 2.59 (dd, J=7.7, 15.4 Hz, 1H),
2.62-2.69 (m, 2H), 2.73 (dd, J=7.2, 15.4 Hz, 1H), 3.10 (t,
J=38.1 Hz, 2H), 3.73 (s, 3H), 3.68-3.80 (m, 1H), 4.01 (dq,
J=173, 40Hz, 2H), 4.17 (dd, J=5.7, 14.9 Hz, 1H), 4.34
(dd, J=5.9, 14.8 Hz, 1H), 4.94 (t, J=7.0 Hz, 1H), 6.68
(brs, 1H), 6.77-6.82 (m, 2H), 7.09-7.19 (m, 2H), 7.20-7.32
(m, 5H); '*C NMR (125 MHz, CDCls) ¢ 13.6, 14.1, 20.2,
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222, 229, 247, 32.1, 36.7, 38.1, 39.9, 41.0, 43.2,
45.3, 55.2, 60.4, 113.9, 127.1, 127.2, 127.5, 127.7, 128.2,
128.3, 128.4, 128.5, 135.0, 138.4, 158.4, 171.5, 171.9,
172.7.

4.6.14. Compound (3S5,75)-5f (syn-diastereoisomer).
Colourless oil; Ry=0.36 (hexane/EtOAc, 7:3); [a]®X —0.4
(¢ 1.31, benzene); '"H NMR (500 MHz, CDCl5) 6 0.79 (d,
3H, J=6.5 Hz), 0.83-0.90 (m, 6H), 1.14 (t, 3H, J=7.1 Hz),
1.17-1.34 (m, 4H), 1.35-1.45 (m, 1H), 1.49-1.57 (m, 1H),
1.68-1.76 (m, 1H), 2.55-2.71 (m, 4H), 3.07-3.15 (m, 2H),
3.76 (s, 3H), 3.74-3.67 (m, 1H), 3.94-4.05 (m), 4.35 (d, J=
6.0 Hz, 2H), 4.93 (t, J=7.3 Hz, 1H), 6.80 (d, /J=8.7 Hz,
2H), 6.96 (br s, 1H), 7.11 (d, J=8.7 Hz, 2H), 7.20-7.32 (m,
5H); '3C NMR (125 MHz, CDCl5) 6 13.6, 14.1, 20.3, 22.2,
22.9, 24.6, 32.0, 36.6, 38.1, 39.7, 41.0, 43.3, 45.0, 55.2,
60.4,113.9,127.2, 127.7, 128.2, 128.4, 128.5, 135.0, 138.4,
158.4, 171.5, 172.1, 172.8.

4.6.15. Compound (3S,7RS)-5g. Colourless oil; R=0.41
(hexane/EtOAc, 7:3); [&)Bwmani +9.0 (¢ 1.50, benzene);
"H NMR (200 MHz, CDCl5) ( 0.60-0.88 (m, 6H), 1.14 (dt,
J=1.0, 7.1 Hz, 3H), 1.20-1.50 (m, 2H), 1.61-1.78 (m, 1H),
2.48-2.78 (m, 4H), 3.68-3.84 (m, 1H), 4.01 (dgq, J=3.1,
7.1 Hz, 2H), 4.30-4.41 (m, 2H), 4.41-4.53 (m, 2H),
5.06 (dt, J=3.2, 7.0 Hz, 1H), 6.57 (t, J=5.7 Hz, 1H,,,.),
6.95 (t, J=5.7 Hz, 1H,y,), 7.02-7.40 (m, 15H); '*C NMR
(50 MHz, CDCl5) ( 14.1, 22.4, 22.6, 22.7, 25.0, 25.1, 36.9,
37.0, 38.6, 40.0, 40.1, 40.4, 40.7, 43.3, 48.3, 48.4, 56.0,
56.1, 60.3, 125.9, 126.7, 127.1, 127.2, 127.5,
127.9.128.3, 128.4, 128.6, 127.1, 137.2, 138.1, 142.7,
142.8, 170.3, 170.4, 171.5, 171.6, 173.7; MS (ESI): m/z=
551 (IM+Na]™, 100%), 529 ((M+H]", 18%), ESI-MS
HR m/z Calcd for C33H49N,O4Na: 551.2880. Found: m/z:
551.28717.

4.6.16. Compound (3S,7RS)-5h (syn/anti mixture). Yel-
low oil; Rg=0.20 (hexane/EtOAc, 7:3); [e]Bymans +13.8
(c 1.43, benzene); '"H NMR (200 MHz, CDCl;) 5 1.09 (t,
J=7.0 Hz, 3H), 2.48-2.85 (m, 4H), 3.68-3.90 (m, 1H), 4.01
(g, J=7.0Hz, 2H), 4.30-4.70 (m, 4H), 5.63 (s, 1H,
rotamers), 5.90 (s, 1H, rotamers), 6.23-6.38 (m, 1H,,,),
6.48-6.58 (m, 1H,,), 6.80-7.50 (m, 19H); '’C NMR
(50 MHz, CDCl3) 8 14.0, 32.0, 38.5, 39.4 39.9, 40.5, 43.6,
49.8,50.5, 60.3, 60.4, 61.7,63.0, 122.3, 122.4, 125.9, 126.6,
126.9, 127.1, 127.2, 127.4, 127.5, 128.3, 128.4, 128.7,
131.0, 131.4, 131.6, 136.4, 137.6, 142.6, 142.7, 171.6,
172.5, 172.8; MS (ESI): m/z=651 ((IM+Na]™, 100%),
649 (IM+Na]*, 58%); ESI-MS HR m/z Calcd for
C35H35N,04NaBr: 651.1649. Found: 651.1651.

4.6.17. Compound (3S,7RS)-5i (syn/anti mixture). Yellow
oil; R;=0.33 (hexane/EtOAc/CH;COOH, 7:3:0.17); 'H
NMR (200 MHz, CDCls) 6 1.03 (dt, J=2.0, 7.1 Hz, 3H),
1.17 (dt, J=2.1, 7.1 Hz, 3H), 2.4-2.8 (m, 4H), 3.7 (m, 1H),
3.92 (m, 2H), 4.1 (m, 4H), 4.47 (m, 2H), 5.83 (s, 1H,
rotamers), 6.07 (s, 1H, rotamers), 6.23 (m, 1H,,,, 6.46 (m,
1H, 1H,,,;, 6.8-7.8 (m, 17H); MS (ESI): m/z=617 (IM+
Na]™, 100%), ESI-MS HR m/z Calcd for C3H;5N,OgNa:
617.2627. Found: (m/z): 617.2643.
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Abstract—Novel 3-phenyl- and 3-(4-nitrophenyl)cyclohepta[4,5]imidazo[1,2-a]-1,3,5-triazine-2,4(3H)-diones and the corresponding imino
derivatives Sa,b and 6a,b were synthesized in modest to moderate yields by the abnormal and normal aza-Wittig reaction of 2-(1,3-
diazaazulen-2-ylimino)triphenylphosphorane with aryl isocyanates and subsequent heterocyclization reaction with a second isocyanate. The
related cationic compound, 1-methyl-3-phenylcyclohepta[4,5]imidazo[1,2-a]-1,3,5-triazine-2,4(3H)-dionylium tetrafluoroborate 7a, was
also prepared. The electrochemical reduction of these compounds exhibited more positive reduction potentials as compared with those of the
related compounds of 3,10-disubstituted cyclohepta[4,5]pyrrolo[2,3-d]pyrimidine-2,4(1H,3H)-dione systems. In a search of the oxidizing
ability, compounds Sa, 6a, and 7a were demonstrated to oxidize some amines to give the corresponding imines in more than 100% yield
under aerobic and photo-irradiation conditions, while even benzylamine was not oxidized under aerobic and thermal conditions at 100 °C.
The oxidation reactions by cation 7a are more efficient than that by 5a and 6a. Quenching of the fluorescence of 5a was observed, and thus,
the oxidation reaction by Sa probably proceeds via electron-transfer from amine to the excited singlet state of 5a. In the case of cation 7a, the
oxidation reaction is proposed to proceed via formation of an amine-adduct of 7a and subsequent photo-induced radical cleavage reaction.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction convenient preparations of 1,3-dialkylcyclohepta[4,5]pyr-
rolo[2,3-d]pyrimidine-2,4(1H,3H)-diones (2)° and 3.10-
disubstituted cyclohepta[4,5]pyrrolo[2,3-d]pyrimidine-
2,4(3H,10H)-diones (3) and derivatives,'® which are the

structural isomers of 5-deazaflavin (1) (Fig. 1). Cationic

The importance of fused pyrimidines, which are common
sources for the development of new potential therapeutic
agents,l’2 is well known. Among these, flavins are known to
play an important role as cofactors in a wide variety of
biological redox reactions. Dehydrogenation reactions
represent a major family of processes mediated by the No N
subclass of flavoenzymes known as oxidase. Included in this
group are the oxidative transformations of alcohols to

. .. . o o
carbonyl compounds, of amines to imines, and of fatty acid 1 2
esters to their o,B-unsaturated analogs3. In this context, 5 "

. . . . e
5-deazaflavin (1) has been studied extensively in both N N N._Ne
enzymatic* and model systems™® in the hope of gaining —({" FO @ ! rfo
mechanistic insight into flavin-catalyzed reactions. On the d Ny BE, O Me
basis of the above observations and our interest concerning 3 4
the unique reactivity afforded by the vinyliminophosphor-
anes’ and related compounds,® we have previously studied NN N, Me

= w0 NE =0
- N N N77/N
Keywords: 3-Arylcyclohepta[4,5]imidazo[1,2-a]-1,3,5-triazine-2,4(3H)- g/ Ar BF, 0 Ph
diones; aza-Wittig reaction; X-ray analysis; Photo-induced autorecycling 5a: Ar= phenyl 4 7a

oxidation.
* Corresponding author. Tel.: +81 3 5286 3236; fax: +81 3 3208 2735;
e-mail: nitta@waseda.jp

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.04.035

5b: Ar= 4-nitrophenyl

Figure 1.
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iii
15a + 10a —#— b5a
a: Ar= phenyl; b: Ar= 4-nitrophenyl

Scheme 1. Reagents and conditions: (i) PPh;, DEAD, THF, rt, 4 h;
(ii) benzene or toluene, reflux; (iii) ZnCl,, dioxane, reflux, 50 h.

compounds 4 have also been prepared.'’ Compounds 3 and
4 have an appreciable oxidizing ability toward some
alcohols and/or amines under photo-irradiation and aerobic
conditions in an autorecycling process.'"'? Thus, structural
modifications of the uracil-annulated heteroazulenes such
as 2, 3, and 4 are an interesting project in view of the
exploration of novel functions. Much of the motivation for
studying the properties of organic molecules stems from
manipulation of the primary chemical structure. Although
strategies for raising or lowering the HOMO and LUMO
levels include conjugation length control, the introduction
of an electron-withdrawing or donating group or element to
the parent molecular skeleton is also an interesting project.
Based on this concept, we studied here the synthesis,
structural characteristics, and electrochemical properties of
3-arylcyclohepta[4,5]imidazo[1,2-a]-1,3,5-triazine-
2,4(3H)-diones (5a,b) and related compounds 6a,b, which
involve the 1,3-diazaazulene and triazinedione skeletons
instead of a l-azaazulene and a pyrimidinedione ring
system, along with cationic compound 7a (Fig. 1). Photo-
induced and thermal autorecycling oxidation of some
amines to give the corresponding imines is studied as
well. We describe here the results in detail.

Table 1. Results for the reaction of 9 with aryl isocyanates 10a,b

2. Results and discussion

2.1. Synthesis

The aza-Wittig reaction of iminophosphoranes with iso-
cyanate has proven to be one of the most useful
methodologies for the synthesis of nitrogen-containing
heterocycles.”®!® We report herein an abnormal aza-Wittig
reaction observed in the attempted program directed toward
the synthesis of Sa,b along with the corresponding imines
6a,b. The abnormal aza-Wittig reaction involves the
formation of an isocyanate instead of a carbodiimide
intermediate, and reported studies on this reaction are very
limited."* Starting from the 2-amino-1,3-diazaazulene (8),15
the iminophosphorane (9) was prepared under Mitsunobu
conditions using DEAD and triphenylphosphine (Scheme
1).'® Treatment of the iminophosphorane (9) with phenyl
and 4-nitrophenyl isocyanates (10a,b) afforded Sa,b and
6a,b, along with the known compound N-(1,3-diazaazulen-
2-yl)-N'-phenylurea (15a).'” Reaction conditions and the
yields of the products are summarized in Table 1. The
structures of new compounds 5a,b and 6a,b are confirmed
on the basis of the 'H (Table 2) and 13C NMR spectra, IR,
UV-vis, and mass spectral data, as well as elemental
analyses. In addition, while single crystals of Sa,b were not
obtained, the structural characteristics of 6a,b are revealed
by the X-ray crystal analysis (vide infra). The proposed
mechanistic pathways for the formation of Sa,b and 6a,b are
outlined in Scheme 1. Both intermediates 11a,b and 12a,b
can be formed upon treatment of 9 with 10a,b. Breakdown
of 11a,b involving loss of triphenylphosphinimide results
in the isocyanate intermediates 13a,b as the abnormal aza-
Wittig product. The isocyanates 13a,b can undergo an
intermolecular heterocyclization reaction with a second aryl
isocyanates 10a,b providing compounds Sa,b. In contrast,
intermediates 12a,b can lead to the carbodiimides 14a,b as
the normal aza-Wittig product involving the loss of
triphenylphosphine oxide. Subsequent heterocyclization of
14a,b with a second aryl isocyanate 10a,b results in the
formation of compounds 6a,b. The isocyanate 14a reacts
also with stray water to give the urea 15a. The controlling
factor for the abnormal and normal aza-Wittig reactions is
still unclear. 2-Amino-1-azaazulene is known to react with
10a to give N-(l-azaazulen-2-yl)-N'-phenylurea, which
undergoes heterocyclization with a second 10a to give
3-phenylcyclohepta[4,5]pyrrolo[1,2-a]-1,3,5-triazine-2,4-
(3H)—dione.18 In contrast, the urea 15a, which was obtained
upon treatment of 8 with 10a, does not react with a second
isocyanate 10a, and the expected Sa was not obtained even
in the presence of ZnCl,. Thus, the iminophosphorane (9) is
a key synthon for the formation of the desired ring system of
Sa,b. In relation to the studies of the oxidizing ability of
neutral and cationic compounds such as 3 and 4, compound
Sa was converted to 7a upon treatment of Sa with Mel and
followed by counter ion exchange reaction by using 42%

Isocyanate Solvent® Time/h Product (yield/%)

10a Benzene 58 5a (9) 6a (55) 15a (11)
10a Toluene 20 5a (28) 6a (52) 15a (14)
10b Toluene 24 5b (13) 6b (57)

# Reaction was carried out under reflux.
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Table 2. 'H NMR spectral data (600 MHz) of 5a,b, 6a,b, and 7a and reference compounds 3 and 4

Compd H5 Ho6 H7 HS8 HO Remaining signals
5a* Oy 9.17 8.19 8.06 8.32 8.45 7.36 (2H, d, J=8.2 Hz),
7.45 (1H, t, J=7.4 Hz),
7.52 (2H, d, J=8.2,
7.4 Hz)
J 9.8 10.5 9.6 10.5
5b* Oy 9.19 8.23 8.10 8.35 8.49 7.70 (2H, d, J=9.0 Hz),
8.39 (2H, d, /=9.0 Hz)
J 9.8 9.8 9.2 10.5
6a Oy 8.85 7.88 7.46 7.61 7.99 6.96 (1H, t, J=7.5 Hz),
7.04 (2H, d, /=8.3 Hz),
7.21 (2H, dd,
J=8.3Hz,7.5),7.41 (2H,
d,J=8.1 Hz), 7.44 (1H, t,
J=17.6 Hz), 7.54 (2H,dd,
J=8.2,7.6 Hz)
J 11.2 10.8 10.1 9.8
6b* Oy 9.00 7.84 7.92 7.99 8.19 7.13 (2H, d, J=8.9 Hz),
7.62 (2H, d, J=8.9 Hz),
8.12 (2H, d, J=8.9 Hz),
8.43 (2H, d, J/=8.9 Hz)
J 9.8 10.5 9.5 10.6
7aP oy 9.98-10.0 8.80-8.95 9.16 3.83 (3H, s), 7.44-7.48
(2H, m), 7.61-7.67 (2H,
m)
J m m 10.3
3¢ Oy 9.29 7.66-7.90 5.69 (3H, s), 5.69 (2H, s),
7.26-7.3 (SH, m, Ph)
J 10.6 m
4° Oy 9.84-9.89 8.46-8.58 8.90-8.94 3.41 (3H, s),3.94 3H, s)
J m m m

# Recorded in DMSO-dg.
® Recorded in CD5CN.

° Ref. 12.

dRef. 11.

HBF; in Ac,O in good yield. The spectroscopic data
involving mass spectral data as well as the elemental
analysis are in good accordance with the proposed structure.
The redox ability of Sa was also investigated. The reduction
of 5a with NaBH, was carried out to give a mixture of three
regio-isomers 16a, 17a, and 18a. The mixture of the regio-
isomers was not separated, and thus, the structural assign-
ment was based on the high resolution MS spectrum of the
mixture and the '"H NMR spectrum of each compounds,
which was assigned independently by using the H-H Cosy

Me

sa — . R/N;O
N

BF, 37/ Ph

Scheme 2. Reagents and conditions: (i) (a) Mel, (CH,Cl),, 100 °C, 3 h;
(b) 42% aq. HBF,, Ac,0, 0 °C, 1 h; (ii) NaBH4, MeOH, rt, 0.5 h; (iii) air,
CH,Cl,, 7 days or DDQ, CH,Cl,, rt, 1 h.

spectrum. The mixture was oxidized by DDQ or under
aerobic conditions to regenerate Sa, and thus, the correlation
of the compounds between Sa and 16a, 17a, and 18a was
assessed (Scheme 2).

2.2. Properties

The 'H NMR spectra of two series of 5a,b and 6a,b
resemble each other, respectively. Unambiguous proton
assignment was successfully made, and the chemical shifts
of the protons of the seven-membered ring and the aryl
group and selected coupling constants are listed in Table 2,
together with those of the reference compounds 3'® and
cation 4."" The chemical shifts of the seven-membered ring
protons (H6-H9) of 5a and Sb are found in the appreciably
lower field (6 8.06-8.46 and 6 8.11-8.49) as compared with
those (0 7.66-7.90) of 3. This feature is similarly observed
in the chemical shifts of compounds 6a (6 7.46-7.99) and 6b
(6 7.84-8.19). The chemical shifts of the seven-membered
ring protons of cation 7a are also listed and they are similar
to those of cation 4. In particular, the characteristic H5
signals appearing at around 6 9.0-9.9 in the "H NMR spectra
of the compounds listed in Table 2 are due to the anisotropy
effect of the oxygen atom of the triazinedione and
pyrimidinedione moieties. The vicinal coupling constants
of protons of the seven-membered ring of neutral com-
pounds Sa,b and 6a,b suggest bond alternation in the
cycloheptatriene moiety, while no significant bond alterna-
tion is observed in cation 7a as well as 4. The m-electron
delocalization of cation 7a is much enhanced as compared



6076 M. Nitta et al. / Tetrahedron 61 (2005) 6073-6081

o
o
|

log (¢ fdm® mol™ cm'1)

e R
o o v o o
1 1 ] 1 |

N
o

| ! I ! | ! |
300 400 500 600
A /nm

Figure 2. UV-vis spectra of 5a,b, 6a,b and 7a.

with that of 5a,b and 6a,b. The UV-vis spectra of
compounds 5a,b, 6a,b and cation 7a in CH3CN are shown
in Figure 2. The two series of Sa,b and 6a,b are very
similar to each other, respectively. On the other hand, the

Table 3. pKg values and reduction potentials® of 5a,b, 6a,b, 7a° and
reference compounds 3 and 4

Compd PKR + Reduction potential (V)* El g
5a — —1.15
5b — —1.12
6a — —1.24
6b — —1.14
7a 6.8 —0.66
3 — —1.37
4 11.2 —0.87
# Peak potential in V versus Ag/AgNO;.
® Ref. 10.

¢ Ref. 11.

(a) Top view

SUOAL 2T A
Cc5 C4 C3

6a

spectrum of cation 7a exhibits a greater extent of blue-shift
as compared with compound S5a, suggesting the much
lowering of the HOMO as compared with the LUMO by
methylation.

The affinity of carbocation toward the hydroxide ion,
expressed by the pKr 4 value, is the common criterion of
carbocation stability.'” The value of cation 7a was
determined spectrophotometrically as 6.8 in buffer solutions
prepared in 50% CH;CN and indicated in Table 3, along
with that of reference cation 4. The value indicates
that cation 7a is much more unstable than reference
compound 4. The reduction potentials of 5a,b, 6a,b, and
7a are determined by cyclic voltammetry (CV) in CH;CN.
The reduction waves of 5a,b, 6a,b and 7a are irreversible
under conditions of the CV measurements, and thus, their
peak potentials are summarized in Table 3, together with
those of the reference compounds 3'* and 4."" As expected,
the El,q of phenyl-substituted compounds Sa and 6a is
more negative than that of 4-nitophenyl substituted
derivatives Sb and 6b, respectively, due to the electron-
withdrawing property of the 4-nitrophenyl group. The E1 4
of dicarbonyl compounds Sa,b is more positive than that
of the imino derivatives 6a,b, respectively, due to the
electron-withdrawing dicarbonyl function. The El,4 of
these compounds is less negative than that of the reference
compound 3. In contrast, the El,4 of cation 7a is much
more positive than that of Sa,b and 6a,b, and the value is
more positive than that of the reference compound 4,
suggesting an appreciable oxidizing property.

The X-ray structure analyses were carried out and the
ORTEP drawings of 6a,b are shown in Figure 3. The
selected bond lengths and bent angles of the two aryl groups

(a) Top view

Figure 3. ORTEP drawings of 6a,b with thermal ellipsoid plot (50% probability).
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Table 4. Bond lengths of 6a,b obtained by X-ray structure analysis

Compd. Bond length/A

C3-C4 C4-C5 C5-C6 C6-C7 C7-C8 C8-C9 N4-C9 N4-C10 C3-N3 CI0-N3 NI1-CI10 NI1-C1 C1-N2
6a 1.38 1.40 1.35 1.41 1.37 1.40 1.34 1.34 1.38 1.39 1.30 1.35 1.43
6b 1.37 1.41 1.36 1.41 1.37 1.41 1.34 1.34 1.40 1.40 1.30 1.36 1.43

# Numbering is based on the ORTEP drawings in Figure 3.

from the plane of the 7-5-6 m-systems are summarized in
Tables 4 and 5. The bond lengths of C3—C4, C5-C6, and
C7-C8 are shorter than those of C4-C5 and C6-C7,
suggesting bond-length alternation in the seven-membered
ring as demonstrated by vicinal coupling constants of the
"H NMR spectrum (Table 2). Electron delocalization in the
triazine ring is not observed. Both 7-5-6 Tt-systems of 6a,b
are a nearly planar structure. The twisted angles of the aryl
group against the plane of the 7-5-6 ring system are
summarized in Table 5. The planes of the aryl group on the
amide nitrogens of 6a,b (N2Ar) are twisted 75.7 and 77.9°,
respectively, against the plane of the 7-5-6 7t-system. This
is probably due to steric hindrance between the aryl group
and the carbonyl-oxygen and imino-nitrogen. Remarkably,
the twisted angle of NSAr of 6ab is 2.5 and 58.7°,
respectively (Table 1).

Table 5. Torsion angles of 6a,b twisted angle/degree

Compd N2Ar* N5Ar?
6a 75.7 2.5
6b 779 58.7

# Numbering is based on the ORTEP drawings in Figure 3.
2.3. Photo-induced autorecycling oxidation

Compounds 3,'* 4,'' and related compounds® undergo
photo-induced autorecycling oxidation toward some alco-
hols and some amines under aerobic conditions. In this
context, we examined the oxidation of some amines by
using 5a, 6a, and 7a under aerobic and photo-irradiation
(RPR100, 350 nm lamps) conditions. Although benzyl
alcohol was not oxidized effectively by either S5a or 7a,

.CHR'R?
H,0, + 'R2RC=NH 5‘{\
R R2
H’ transfer
HOO' + 'RZRCH-NH’
H* transfer
[0, + 'RERCH-NH; "] Oy
k j Path A
TR2RCH-NH, s
a
5a \ +
hv -
TRZRCH-NH;
16a-18a
+
/ % 1R2RC=NH Path B
H202 Oz

Scheme 3.

we found that both compounds have oxidizing ability
toward benzylamine, 1-phenylethylamine, hexylamine, and
cyclohexylamine. In the amine oxidation, imine is produced
at first; however, it reacts with another amine to result in the
formation of another imine R'R?C=N-CHR'R? and NH;
(Scheme 3). Then the reaction mixture was diluted with
ether and filtered and the filtrate was treated with
2,4-dinitrophenylhydrazine in 6% HCI to give 2,4-dinitro-
phenylhydrazone of the corresponding carbonyl compound.
Direct irradiation of amines in the absence of 5a, 6a, and 7a
(named ‘blank’) gives the corresponding carbonyl com-
pounds in low to modest yields under similar conditions.
Thus, the yields are calculated by subtraction of the ‘blank’
yield from the total yield of the carbonyl compound in the
presence of Sa and 7a, and the results are summarized in
Table 6 (Entries 1-8). More than 100% yields are obtained
based on S5a and 7a, and thus, autorecycling oxidation
clearly proceeds. In contrast, oxidation reaction by using 6a
does not proceed effectively, and even benzylamine and
1-phenethylamine are oxidized in low yield as compared

Table 6. Photo-induced autorecycling oxidation of some amines by Sa, 6a,
and 7a*

Entry Compd Amines Yield (%)>¢  Recycling
no.
1 5a PhCH,NH, 8322 83.2
2 5a PhCH(Me)NH, 6733 67.3
3 Sa Hexylamine 2000 20.0
4 Sa Cyclohexylamine 862 8.6
5 7a PhCH,NH, 11818 118.2
6 7a PhCH(Me)NH, 8457 84.6
7 7a Hexylamine 3143 314
8 7a Cyclohexylamine 909 9.1
9 6a PhCH,NH, 909 9.1
10 6a PhCHMeNH, 400 4.0

# CH;CN solution was irradiated by RPR100, 350 nm lamps.

" Isolated by converting to the corrresponding 2,4-dinitrophenylhydrazone.

¢ Based on the compound used; the yield is calculated by subtraction of the
‘blank’ yield from the total yield.

8000 —

6000 —

4000 —

2000 —

Yield of Oxidation Product /%

| I I | I | |
0 5 10 15 20 25 30
Time /h

Figure 4. Time dependence of benzylamine oxidation by 5a.
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with that of 5a and 7a (Table 6, Entries 9 and 10). As the
time of photo-irradiation is prolonged, the yield of oxidation
product by 5a is increased gradually. After 16 h irradiation,
the yield is not increased appreciably (Fig. 4), suggesting
plausible decomposition of 5a. The attempted oxidation
reaction of benzylamine by 5a was not observed under
thermal and aerobic conditions. In a previous study, the
fluorescence spectrum of 1,3-dimethylcyclohepta[b]furo-
[2,3-d]pyrimidine-2,4(1H,3H)-dionylium tetrafluoroborate,
which has oxidizing ability toward some alcohols, is
quenched by addition of 1-phenylethanol, suggesting an
interaction of the singlet excited state of the compound with
the alcohol.?! Thus, in a search of the mechanistic aspect of
the photo-induced oxidation reaction, the fluorescence
spectra of Sa and 7a were studied; the quantum yield (®)
of that for 5a was determined to be 0.075; however, no
fluorescence spectra of 7a was observed. The fluorescence
spectrum of Sa (Fig. 5) was quenched by adding
benzylamine, while quenching of the fluorescence was not
observed by addition of benzyl alcohol, suggesting
interaction of the singlet excited state of Sa with the amine.

1.0 — 5

— Ba

.......... 5a+BnNH2
0.8 - - - 52+BnOH

0.6 -

0.4 -

0.2

Intensity (arbitrary units)

0.0

! | ! | ! |
400 500 600 700
A /nm

Figure 5. Fluorescence spectra of 5a.

The postulated mechanistic pathways for the oxidation of
amines (R1R2CHNH2) are depicted in Scheme 3. The
electron transfer from amines to the excited singlet state of
5a would occur to produce a radical anion 5a’~ and
R'R?’CHNH; . In the presence of oxygen, an electron
transfer from Sa’~ to O, may give the radical ion pair
[R'R?’CHNH," 0;7] and 5a. Then a proton transfer from
R'R?*CHNH; ™ to O3~ may occur, followed by formation of
product R'/R*CH=NH and H,O, (Path A).>* On the other
hand, there is an alternative pathway (Path B), in which a
mixture of hydrogenated compounds 16a, 17a, and 18a
(Scheme 3) in addition to the imine are generated from S5a” —
and R'R®CH-NH;" directly; the former compound is
oxidized under aerobic conditions to regenerate Sa. It is
shown that the regeneration of 5a by air oxidation of 16a,
17a, and 18a is slow and seems to be ineffective to achieve
an efficient autorecycling oxidation (Scheme 2, vide supra).
Thus, Path A seems to be favorable. In the case of oxidation
by 7a, photo-induced homolytic cleavage of the initially
formed amine-adduct of 7a, which is detected by UV-vis
spectra as shown in Figure 6, probably occurs to generate
7a’ and RIRZCHNHQ“L. An electron transfer from 7a” to O,

— 7a
.......... 7a+BnNH,
45— - - - 7a+BnNH,+TFA
g 4.0
o
235
s
= 3.0
&
(=]
[=]
— 2.5
\
\
20 T | \I !

300 350 400 450
A/mm

Figure 6. UV-vis spectra of 7a.

gives the radical ion pair [R'R?*CHNH; " O3] and 7a; the
former ion pair would follow Path A.

3. Conclusion

Novel 3-phenyl- and 3-(4-nitropenyl)cyclohepta[4,5]-
imidazo[1,2-a]-1,3,5-triazine-2,4(3H)-diones and the corre-
sponding imino derivatives 5a,b, 6a,b, and 1-methyl-3-
phenylcyclohepta[4,5]imidazo[1,2-a]-1,3,5-triazine-2,4-
(1H,3H)-dionylium tetrafluoroborate 7a were synthesized in
modest to moderate yields. Compounds Sa, 6a, and 7a were
demonstrated to oxidize some amines to give the corre-
sponding imines in more than 100% yield under aerobic and
photo-irradiation conditions. Thus, oxidation reaction
proceeds in a photo-induced autorecycling process.

4. Experimental

4.1. General

IR spectra were recorded on a HORIBA FT-710 spectro-
meter. UV-vis spectra were recorded on a Shimadzu
UV-3101PC spectrometer. Mass spectra and high-resolution
mass spectra were run on JMS-AUTOMASS 150 and
JMS-SX102A sPectrometers. Unless otherwise specified,
'"H NMR and '*C NMR spectra were recorded on an
AVANCE 600 spectrometer using CDCIl; as the solvent,
and the chemical shifts are given relative to internal SiMe,
standard: J-values are given in Hz. Mps were recorded on a
Yamato MP-21 apparatus and are uncorrected. Photo-
irradiation was carried out by using RPR-100 fitted with
350 nm lamps though a Pyrex filter.

4.2. Preparation of 9

To a solution of 8 (435 mg, 3 mmol) and PPh; (786 mg,
3 mmol) in THF (30 mL) was added DEAD (1.5 mL,
3.3 mmol) at 0 °C, and the mixture was stirred at rt for 4 h.
The reaction mixture was filtered, and the filtrate was
concentrated. The resulting residue was crystallized from
Et,0 to give 9 (1.17 g, 86%).
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4.2.1. 2-(1,3-Diazaazulen-2-yl)iminotriphenylphosphor-
ane (9). Pale yellow prisms; mp 212-213 °C (decomp.)
(from AcOEt); 'H NMR (600 MHz) 6 7.31 (1H, t, J=
9.9 Hz, H-6), 7.44 (6H, ddd, J=17.8,7.5, 2.9 Hz, m-Ph), 7.53
(3H, td, J=7.5, 1.7 Hz, p-Ph), 7.58 (2H, dd, J=10.7,
9.9 Hz, H-5 and H-7), 7.93 (6H, dd, J=7.8, 1.7 Hz, 0-Ph),
7.94 (2H, d, J=10.7 Hz, H-4 and H-8); '*C NMR
(150.9 MHz) 6 124.6 (C-4 and C-8), 128.5 (Jpc=12.2 Hz,
m-Ph), 128.8 (Jpc=100.1 Hz, i-Ph), 129.4 (C-6), 132.1
(Jpc=2.6 Hz, p-Ph), 133.4 (Jpc=10.1 Hz, 0-Ph), 133.6
(C-5 and C-7), 165.1 (C-2); >'P NMR (109.3 MHz) 6 16.97;
IR (CHCls, cm ™ ') 1549, 1470, 1438, 1364, 1114, 957, 926,
882; MS m/z 406 (M™* +H); Anal. calcd for Co6H, N5P: C,
77.02; H,4.97; N, 10.36. Found: C, 76.87; H, 4.95; N, 10.46.

4.3. Preparation of 5a and 6a

A solution of 9 (810 mg, 2.0 mmol) and 10a (714 mg,
6.0 mmol) in a solvent (100 mL) indicated in Table 1 was
refluxed for an adequate time. After evaporation of the
solvent, the residue was dissolved in CH,Cl,, the insoluble
material was collected by filtration to give N-(1,3-
diazaazuln-2-yl)-N'-phenylurea 15a, and the filtrate was
separated by column chromatography on SiO,. The
fractions eluted with AcOEt gave 6a, and the fractions
eluted with acetone gave Sa. The results are summarized in
Table 1.

4.3.1. 3-Phenylcyclohepta[4,5]imidazo[1,2-a]-1,3,5-tri-
azine-2,4(3H)-dione (5a). Yellow needles; mp 228-
230°C (decomp.) (from CH,CL,/Et,0); '*C NMR
(150.9 MHz, DMSO-dg) ¢ 124.6, 128.2, 128.6, 128.9,
134.5, 135.6, 138.7, 139.0, 142.7, 145.1, 147.9, 155.0,
162.7, 166.3; IR (KBr, cm ') 1739, 1707; MS m/z 290
(M+), Anal. calcd for C16H10N402—1/4H205 C, 6519, H,
3.59; N, 19.01. Found: C, 65.20; H, 3.23; N, 19.14.

4.3.2. 3-Phenyl-2-phenyliminocyclohepta[4,5]imi-
dazo[1,2-a]-1,3,5-triazine-4-one (6a). Dark red prisms;
mp 222-223°C (decomp) (from AcOEt); '*C NMR
(150.9 MHz) '*C NMR (150.9 MHz) 6 122.2, 123.0,
123.1, 128.3, 128.5, 128.7, 129.5, 133.5, 135.7, 136.2,
137.9, 141.3, 146.1, 147.7, 148.0, 148.4, 159.7, 168.2; IR
(CHCls, cm ™ ") 1728; MS m/z 366 (M " +H); Anal. calcd
for C,,H 5N50: C, 72.32; H, 4.14; N, 19.17. Found: C,
72.02; H, 4.12; N, 19.05.

4.4. Preparation of S5b and 6b

A solution of 9 (810 mg, 2.0 mmol) and 10b (984 mg,
6.0 mmol) in toluene—dioxane (1/1; 100 mL) was refluxed
for 24 h. After evaporation of the toluene, the residue was
dissolved in CH,Cl,, the insoluble material was filtered and
the filtrate was concentrated and separated by column
chromatography on SiO,. The fractions eluted with AcOEt
afforded 6b, and the fractions eluted with acetone gave Sb.
The results are summarized in Table 1.

4.4.1. 3-(4-Nitrophenyl)cyclohepta[4,5]imidazo[1,2-a]-
1,3,5-triazine-2,4(3H)-dione (5b). Yellow powder; mp
249-252°C (decomp.) (from AcOEt); 'C NMR
(150.9 MHz, DMSO-ds) 6 124.5, 125.3, 130.7, 135.0,
139.4, 139.5, 141.8, 143.2, 145.2, 147.4, 147.9, 154.7,

163.0, 166.5; IR (KBr, cm ') 1746, 1683; MS m/z 336
(M* +H); Anal. caled for C;sHoNsO,~1/4CH,Cl,: C,
54.75; H,2.69; N, 19.64. Found: C, 54.75; H, 2.80; N, 19.39.

4.4.2. 3-(4-Nitrophenyl)-2-(4-nitorophenyl)iminocyclo-
hepta[4,5]imidazo[1,2-a]-1,3,5-triazine-4-one (6b). Red
prisms; mp 258-260 °C (decomp.) (from CHCI;); B¢
NMR (150.9 MHz, DMSO-ds) 6 123.6, 123.8, 124.5,
124.9, 130.1, 134.6, 137.3, 138.4, 141.5, 142.1, 145.8,
147.2, 147.8, 149.3, 154.0, 160.1, 168.2, 175.2; IR (CHCls,
cm_l) 1734; MS m/z 456 (M" +H); Anal. calcd for
C,,H;3N,05—CHCls: C, 48.06; H, 2.46; N, 17.06. Found: C,
48.32; H, 2.58; N, 17.30.

4.5. Preparation of urea 15a

A solution of 8 (73 mg, 0.5 mmol) and 10a (179 mg,
1.5 mmol), and ZnCl, (68 mg, 0.5 mmol) in dioxane
(40 mL) was heated under reflux for 50 h. After evaporation
of the solvent, the reaction mixture was washed with EtOH,
the EtOH layer was concentrated to give 15a (106 mg,
80%). A similar reaction in the absence of ZnCl, afforded
15a (45 mg, 34%), which is identified on the basis of
comparison of the physical data reported previously.'”

4.6. Reaction of 15a with 10a

A mixture of 15a (26 mg, 0.1 mmol) and 10a (24 mg,
0.2 mmol) in the presence or absence of ZnCl, (14 mg,
0.1 mmol) in dioxane (40 mL) was heated under reflux for
50 h. The reaction mixture was concentrated and the residue
was washed with EtOH. The collected EtOH solution was
concentrated and 15a was isolated in 83% (in the presence
of ZnCl,) and 76% (in the absence of ZnCl,).

4.7. Preparation of 7a

A solution of S5a (29 mg, 0.1 mL) and Mel (2mL) in
(CH,Cl), (4 mL) in a sealed tube was heated at 100 °C for
3h. The solvent was evaporated and the residue was
dissolved in Ac,O (3 mL) and treated with 42% aq. HBF,
(0.6 mL). To the solution was added ether (5 mL) and
precipitates were collected by filtration to give 7a (36 mg,
92%).

4.7.1. 1-Methyl-3-phenylcyclohepta[4,5]imidazo[1,2-a]-
1,3,5-triazine-2,4(3H)-dionylium tetrafluoroborate (7a).
Colorless needles; mp 289-291°C (decomp.) (from
CH;CN/Et,0.); *C NMR (150.9 MHz, CD5CN) 6 32.1,
96.1, 128.7, 130.4, 130.7, 133.7, 134.8, 142.0, 145.0, 147.0,
147.2, 147.7, 148.2, 155.3, 162.8; IR (CHCl5, cm ™~ ') 1726,
1084; MS m/z 305 (M —BF,). HRMS calcd for
Cy7H3N4O,BF,: 305.1060 (M —BF,). Found: 305.1021
(M+ _BF4) Anal calcd for C17H13N402BF4: C, 5207, H,
3.34; N, 14.29. Found: C, 52.04, H, 3.53; N, 13.95.

4.8. Reduction of 5a

A solution of 5a (29 mg, 0.1 mmol) and NaBH, (23 mg,
0.6 mmol) in MeOH (10 mL) was stirred at rt for 30 min.
The reaction mixture was extracted with CH,Cl, and the
extract was dried over Na,SO,, and concentrated in vacuo.
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The resulting residue afforded a mixture of 16a, 17a, and
18a (100%) in a ratio of 6:3:1.

4.8.1. A mixture of 16a, 17a, and 18a. IR (CHCl;, cm ™)
1726, 1637, 1084; MS (FAB) m/z 293 (M +H). HRMS
calcd for C¢H 3N405: 293.1040 (M + H). Found: 293.1044
M™* +H).

4.8.2. Compound 16a. '"H NMR (600 MHz) 6 3.73 (2H, d,
J=6.4 Hz, H-6), 5.54 (1H, dt, J=10.4, 6.4 Hz, H-7), 6.11
(1H, dd, J=10.4, 6.1 Hz, H-8), 6.45 (1H, dd, J=11.5,
6.1 Hz, H-9), 6.90 (1H, d, J=1.5 Hz, H-10), 7.30-7.56
(5H, m, o-Ph, m-Ph and p-Ph); MS m/z 293 (M ™).

4.8.3. Compound 17a. '"H NMR (600 MHz) ¢ 3.36 (2H, d,
J=6.3 Hz, H-10), 5.48 (1H, dt, J=10.2, 6.3 Hz, H-10),
6.08-6.13 (1H, m, H-8), 6.40 (1H, dd, J=11.5, 6.1 Hz,
H-7), 7.30-7.39 (1H, m, H-6), MS m/z 293 (M ™).

4.8.4. Compound 18a. 'H NMR (600 MHz) ¢ 2.50 (2H, t,
J=17.0 Hz, H-8), 5.36 (1H, dt, J=10.0, 7.0 Hz, H-7), 5.52—
5.56 (1H, m, H-9), 6.87 (1H, d, J=10.0 Hz, H-10), 7.20
(1H, d, J=10.0 Hz, H-6), 7.30-7.56 (5H, m, o-Ph, m-Ph and
p-Ph); MS m/z 293 (M ™).

4.9. Oxidation of a mixture of 16a, 17a, and 18a

A mixture of 16a, 17a, and 18a (29 mg, 0.1 mmol) in
CH,Cl, (15 mL) was stirred under aerobic conditions for 7
day. The solution was dried over Na,SO, and concentrated.
The resulting residue was purified by TLC on SiO,
(acetone) to give Sa (17 mg, 59%).

A solution of 16a, 17a, and 18a (29 mg, 0.1 mmol) and
DDQ (27 mg, 0.12 mmol) in CH,Cl, (15 mL) was stirred at
rt for 1 h. The reaction mixture was extracted with CH,Cl,,
and the extract was washed with aq. Na,CO;5 and dried over
Na,SO,4. The CH,Cl, was evaporated and the residue was
purified by TLC on SiO, (acetone) to give 5a (25 mg, 86%).

4.10. General procedure for the photo-induced auto-
recycling oxidation of amines

To a solution of 5a (0.005 mmol) and 7a (0.005 mmol) in
CH;CN (16 mL) was added an amine (2.5 mmol) in a pyrex
tube, and the mixture was irradiated by RPR-100, 350 nm
lamps under aerobic conditions for 16 h. The reaction
mixture was concentrated in vacuo and diluted with ether
and filtered. The filtrate was treated with 2,4-dinitro-
phenylhydrazine in 6% HCI to give the 2,4-dinitrophenyl-
hydrazone of the corresponding carbonyl compound. The
results are summarized in Table 6. In the case of the
benzylamine oxidation, nine samples are irradiated and time
dependency of the yields of 2.4-dinitrophenylhydrazone
was investigated as summarized in Figure 4.

4.11. Determination of pKg . value of cation 7a

Buffer solutions of slightly different acidities were prepared
by mixing aqueous solutions of potassium hydrogen
phthalate (0.1 M) and HCI (0.1 M) (for pH 2.2-4.0),
potassium hydrogen phthalate (0.1 M) and NaOH (0.1 M)
(for pH 4.1-5.9), and KH,PO, (0.1 M) and NaOH (0.1 M)

(for pH 6.0-8.0) in various portions. For the preparation of
sample solutions, 1 mL portions of the stock solution,
prepared by dissolving 3—5 mg of compound 7a in CH;CN
(20 mL), were diluted to 10 mL with the buffer solution
(8 mL) and CH3CN (1 mL). The UV-vis spectrum was
recorded for cation 7a in 20 different buffer solutions.
Immediately after recording the spectrum, the pH of each
solution was determined on a pH meter calibrated with
standard buffers. The observed absorbance at the specific
absorption wavelength (500 nm) of cation 7a was plotted
against pH to give a classical titration curve, whose
midpoint was taken as the pKg 4 value.

4.12. Cyclic voltammetry of 5a,b and 7a

The reduction potentials of 5a,b and 7a were determined by
means of CV-27 voltammetry controller (BAS Co). A three-
electrode cell was used, consisting of Pt working and an Ag/
AgNOj reference electrode. Nitrogen was bubbled through
a CH;CN solution (4 mL) of each sample (1 mmol dm 3
and Buy,NCIO,; (100 mmol dm ™ 3 to deaerate it. The
measurements were made at a scan rate of 0.1 V sfl, and
the voltammograms were recorded on an X-Y recorder.
Immediately after the measurements, ferrocene
(0.2 mmol dm™>) (E;»=+0.083 V) was added as the
internal standard, and the observed peak potentials were
corrected with reference to this standard.

4.13. X-ray structure determination of 6a’

Reddish prisms, CH sNsO, M=365.39, triclinic, space
group P—1, a=7.059(3), b=10. 399(5) c=11.990(7) A,
a=100.503)°, B=96.87(3)°, =105.17(2)°, V=
822.2(7) A3, Z=2, D.=1.476 gmL , crystal dimensions
0.80<0.50X0.30 mm. Data were measured on a Rigaku
RAXIS-RAPID radiation diffractomater with graphite
monochromated Mo Ko radiation. Total 7445 reflections
were collected, using the w-26 scan technique to a
maximum 26 value of 55.0°. The structure was solved by
direct methods and refined by a full-matrix least-squares
method using SIR92 structure analysis software, with 268
variables and 2897 observed reflections [/>3.00c(])]. The
non-hydrogen atoms were refined anisotropically. The
weighting scheme w=[20.0000X o.(F3)+0.0010X F§+
0.5000] ' gave satisfactory agreement analysis. The final
R and Rw values were 0.0810 and 0.0990. The maximum
peak and minimum peak in the final difference map were
0.38 and —0.41 e /A,

4.14. X-ray structure determination of 6b*

Reddish prisms, Cy3H4CI3N;05, M=574.77, monoclinic
space group P2,/n, a=13. 15(1) b=14. 632(9)

13.754(8) A, 8=114.06(5) °, V=2417.03) A>, Z= 4
D.=1.579 gmL~", crystal dimensions 0. 80>< 0.40X
0.20 mm. Data were measured on a Rigaku RAXIS-
RAPID radiation diffractomater with graphite mono-
chromated Mo Ka radiation. Total 21,037 reflections were
collected, using the w—-26 scan technique to a maximum 26
value of 55.0°. The structure was solved by direct methods

T CCDC reference number 266692.
£ CCDC reference number 266693.
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and refined by a full-matrix least-squares method using
SIR92 structure analysis software, with 357 variables and
2922 observed reflections [/>3.00a(])]. The non-hydrogen
atoms were refined anisotropically. The weighting scheme
w=[3.0000 X 0.(F3)+0.0010 X F5+0.5000] "' gave satis-
factory agreement analysis. The final R and Rw values were
0.0690 and 0.0860. The maximum peak and minimum peak
in the final difference map were 1.01 and —0.78 e /A3,

Acknowledgements

Financial support from a Waseda University Grant for
Special Research Project and 21COE ‘Practical Nano-
Chemistry’” from MEXT, Japan, is gratefully acknowledged.
We thank the Materials Characterization Central Labora-
tory, Waseda University, for technical assistance with the
spectral data, elemental analyses, and X-ray analysis.

References and notes

1. Brown, D. J. In Katritzky, A. R., Rees, C. W., Eds,;
Comprehensive Heterocyclic Chemistry; Pergamon: Oxford,
1984; Vol. 3, pp 57-155.

2. Wamhoft, H.; Dzenis, J.; Hirota, K. Adv. Heterocycl. Chem.
1992, 55, 129-259.

3. Hamilton, G. A. In Kaiser, E. T., Kezdy, F. J., Eds.; Progress in
Bioorganic Chemistry; Wiley: New York, 1971; Vol. 1, p 83.

4. Walsh, C. Acc. Chem. Res. 1986, 19, 216-221 and references
therein.

5. Yoneda, F.; Tanaka, K. Med. Res. Rev. 1987, 4, 477-506 and
references therein.

6. Yoneda, F.; Kokel, B. In Muller, F., Ed.; Chemistry and
Biochemistry of Flavoenzymes; CRC: Boca Raton, 1991; Vol.
1, pp 121-169; and references therein.

7. (a) Nitta, M. Rev. Heteroatom Chem. 1993, 9, 87-121 and

14.

15.

16.

17.

18.

19.

20.

21.

22.

references therein. (b) Nitta, M.; lino, Y.; Mori, S.; Takayasu,
T. J. Chem. Soc., Perkin Trans. 1 1995, 1001-1007.

. (a) Nitta, M.; Akie, T.; lino, Y. J. Org. Chem. 1994, 59,

1309-1314. (b) Nitta, M.; Kanda, H. Heterocycles 2002, 57,
491-499.

. Nitta, M.; Tajima, Y. J. Chem. Res. (S) 1999, 372-373.
10.
11.
12.
13.

Nitta, M.; Tajima, Y. Synthesis 2000, 651-654.

Naya, S.; Nitta, M. Tetrahedron 2003, 59, 7291-7299.

Naya, S.; lida, Y.; Nitta, M. Tetrahedron 2004, 60, 459-467.
For reviews: (a) Gololobov, Y. G.; Kasukhin, L. F. Tetra-
hedron 1992, 48, 1353-1406. (b) Eguchi, S.; Matsushita, Y.;
Yamashita, K. Org. Prep. Proced. Int. 1992, 24, 209.
(c) Molina, P.; Vilaplana, M. J. Synthesis 1994, 1197.
(d) Wambhoff, H.; Richardt, G.; Stolben, S. Adv. Heterocycl.
Chem. 1995, 64, 159-249.

(a) Bruche, L.; Garanti, L.; Zecchi, G. J. Chem. Soc., Perkin
Trans. 11986, 2177-2179. (b) Molina, P.; Alajarin, M.; Vidal,
A. Tetrahedron 1990, 46, 1063-1073. (c) Yamamoto, H.;
Ohnuma, M.; Nitta, M. J. Chem. Res., (S) 1999, 173. (M)
1999, 901-919.

Nozoe, T.; Mukai, T.; Takase, K.; Murata, I.; Matsumoto, K.
Proc. Jpn. Acad. 1953, 29, 452-456.

Hoest, C. E.; Nefzi, A.; Houghten, R. A. Tetrahedron Lett.
2003, 3705-3708.

Ishiguro, M.; Kitahara, T.; Tomino, K. Jpn. Kokai Tokkyo
Koho JP04208267, 1992.

Abe, N.; Matsuda, H.; Sugihara, Y.; Kakehi, A. J. Heterocycl.
Chem. 1996, 33, 1323-1331.

Freedman, H. H. In Carbonium Ions; Olah, G. A., Schleyer, P.,
Eds.; Wiley-Interscience: New York, 1973.

(a) Mitsumoto, Y.; Nitta, M. J. Org. Chem. 2004, 69,
1256-1261. (b) Naya, S.; Tokunaka, T.; Nitta, M. J. Org.
Chem. 2004, 69, 4732-4740. (c) Naya, S.; Warita, M.;
Mitsumoto, Y.; Nitta, M. J. Org. Chem. 2004, 69,
9184-9190 and references therein.

Naya, S.; Miyama, H.; Yasu, K.; Takayasu, T.; Nitta, M.
Tetrahedron 2003, 59, 4929-4938.

Fukuzumi, S.; Kuroda, S. Res. Chem. Intermed. 1999, 25,
789-811.



ELSEVIER

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

Tetrahedron 61 (2005) 6082-6087

Tetrahedron

Direct synthesis of new arylanthranilic acids via a Suzuki
cross-coupling reaction from iodoisatins

Anne-Laure Gérard,* Vincent Lisowski® and Sylvain Rault

a,k

iCentre d’Etudes et de Recherche sur le Médicament de Normandie, UFR des Sciences Pharmaceutiques, 5 rue Vaubénard,
14032 Caen Cedex, France
®Laboratoire des Aminoacides, Peptides et Protéines (UMR-CNRS 5810), Faculté de Pharmacie, 15 avenue Charles Flahault,
34093 Montpellier Cedex 5, France

Received 23 February 2005; revised 30 March 2005; accepted 14 April 2005

Available online 13 May 2005

Abstract—Direct synthesis of new arylanthranilic acids via a Suzuki cross-coupling reaction with iodoisatins as key intermediates is

described. A ‘one pot’ procedure is proposed.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Anthranilic acids I are very important building-blocks to
prepare compounds of pharmaceutical interest. Surpris-
ingly, little work has yet to be developed on the synthesis of
arylanthranilic acids which could exhibit interesting proper-
ties not only as new building-blocks but also as new
bioactive compounds.

6
OEd
2
R ) 3 NHZ
I

COOH

Concerning the synthesis of these aminoacids, it was only
mentioned without description that 4-arylanthranilic acids
have been obtained via a Suzuki cross-coupling reaction
starting from methyl-4-bromoanthranilate' and further, only
one example of Stille cross-coupling reaction has been
described on 5-bromo-1-methylisatin.” Finally, some
S-arylisatins are obtained via a Suzuki cross-cougling
reaction from 5-bromoisatin with some boronic acids.

In a recent study” we have demonstrated that the best way to
produce 3-phenylanthranilic acid was the cross-coupling
reaction of phenylboronic acid, not with the 3-iodoanthra-
nilic acid itself, but with 7-iodoisatin that can be considered
as a biprotected aminoacid. We recently, showed the

Keywords: Suzuki; Arylisatin; Arylanthranilic acid.
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usefulness of this coupling in the synthesis of tripentones
with antitubulin properties.” In this paper, we wish to
present the first results concerning the enlargement of this
methodology to the coupling of 4-, 5- and 6-iodoisatins with
arylboronic acids in order to create a new library of
oy . . . 6,7
arylanthranilic acids useable in parallel chemistry.

2. Results and discussion

Starting from 3- 1a or 4-iodoaniline 1b, the corresponding
4- 3a, 5- 3b or 6-iodoisatins 3¢ are obtained in two steps via
the corresponding isonitrosoacetanilides.® So 4- and
6-iodoisatins are obtained from the non-regioselective ring
closure of 3-iodoisonitroacetanilide 2a and subsequently
separated by their pH-dependant solubility in aqueous
solution as previously described by Sadler 5-Iodoisatin is
synthesized from 2b according to Marvel.® (Scheme 1).

(¢]
4 3
OGal O A °
N 2
7 H
3-11a
4-13a (40%
411b 3123(90% a (40%)

4-12b (90%) 5-13b (73%)

6-13c (20%)

Scheme 1. Reagents and conditions: (i) C13CCH(OH),, NH,OH-HCI, HCI
cc., Na,SOy4, H>0; (ii) H,SO4 cc.

Starting either from 4-iodoisatin 3a, 5-iodoisatin 3b or from
6-iodoisatin 3¢ the cross-coupling reaction'® was effective
and give, respectively, 4-arylisatins 4a—c, 5-arylisatins 6a—c
and 6-arylisatins 8a—c. The yields remained rather
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disappointing mainly because of the poor solubility of
arylisatins in usual solvents such as dioxan, DMF or DME,
which makes their isolation difficult. Finally, 6-arylanthra-
nilic acids Sa—c, 5-arylanthranilic acids 7a—c and 4-aryl-
anthranilic acids 9a—c¢ (Scheme 2) were then obtained by
oxidative cleavage in a 5% sodium hydroxide and 30%
hydrogen peroxide aqueous solution (v/v).'""'? The global
yields of this route are summarised in Table 1.

A7 4a-c32-49% 5a-c 13-20%

R

o R
<) s
1 o1, L. COOH
H N NH,
3 H

Ta-c 47-70%

O COOH
NH,

9a-c 30-54%

6a-c 21-32%
aR=H i
b R=4-OCH, N o
¢ R=3,4,5-triOCH,

8a-c 24-71%

Scheme 2. Reagents and conditions: (i) Ar-B(OH), (1.2 equiv), Pd(PPh;),
(0.05 equiv), NaHCO; (2 equiv), DME/H,O0; (ii) NaOH 5%, H,0, 30%.

Table 1. Overall yields of the two steps one-pot cross-coupling and
oxidative cleavage

Phenyl 4-OMephenyl
5-Arylanthranilic acid 62% (7a) 67% (7b)
4-Arylanthranilic acid ~ 42% (9a) 13% (9b)

This sequence is also applicable with fragile heterocyclic
boronic acids and, for example, we have prepared
furylanthranilic acids 5d, 7d and 9d from furylisatins 4d,
6d and 8d (Scheme 3).

Since, we mainly wish to obtain anthranilic acids and
considering that the essential reason for these poor yields
was the purification of the arylisatins intermediates, we tried
to find ‘one-pot’ conditions to produce arylanthranilic acids
directly from iodoisatins (Scheme 4). We applied this
methodology to 5- 3b and 6-iodoisatins 3¢ with phenyl-
boronic acid and 4-methoxyphenylboronic acid.
Satisfactorily we found that a slight modification of the
cross-coupling reaction work up was able to produce the

6] 0]
, ) COOH
| 0—= [ o i W
N 0 N 0 NH,
H H
3a-c )

4d (48% 5d (11%)
6d (17%) 7d (79%)
8d (66%) 9d (52%)

Scheme 3. Reagents and conditions: (i) Ar-B(OH), (1.2 equiv), Pd(PPh;),4
(0.05 equiv), NaHCOs; (2 equiv), DME/H,0; (ii) NaOH 5%, H,0, 30%.

cleavage by adding hydrogen peroxide during the final
washing steps. We thus, obtained the four arylanthranilic
acids 7a-b and 9a-b with better yields than the two steps
route (Table 1). The difficulty in purifying the intermediate
arylisatins is thus, circumvented by this procedure which
could be preferable to obtain arylanthranilic acids
(Scheme 4).

NS i COOH
| 2 [e) — Ar 0 |- Ar‘Eji
s N N NH
H H

2
7a,d
3b-c 9a,d

Scheme 4. Reagents and conditions: (i) Ar-B(OH), (1.2 equiv), Pd(PPh;),
(0.05 equiv), NaHCOj; (2 equiv), DME/H,O0; (ii) NaOH 5%, H,0, 30%.

These results encourage us to pursue the study of the
reactivity of these very potent scaffolds particularly in the
field of parallel chemistry in the light of our recent results
obtained with thiophenic bioisosters series.®

3. Experimental

3.1. General

Commercial reagents were used as received without
additional purification. Melting points were determined on
a Kofler melting point apparatus. IR spectra were taken with
a Perkin—Elmer sg)ectrum BX FT-IR spectrometer. '"H NMR
(400 MHz) and 3¢ (100 MHz) spectra were recorded on a
JEOL Lambda 400 spectrometer. Chemical shifts are
expressed in parts per million downfield from tetramethyl-
silane as an internal standard. Mass spectra were recorded
on a JEOL JMS GCMate with ionising potential of 70 eV
and with pfk as internal standard for high-resolution
procedure.

3.2. General procedure for the preparation of the
arylisatins (4a—d, 6a—d and 8a—d).

To a solution mixture of iodoisatin 3a—¢ (3 mmol, 1 equiv)
in DME (50 mL) under argon was added Pd(PPhj),
(0.15 mmol, 0.05equiv) followed by the addition of
arylboronic acid (3.6 mmol, 1.2 equiv) and sodium
hydrogen carbonate (6 mmol, 2 equiv) in H,O (10 mL).
The reaction mixture was refluxed and the rate of the
reaction, followed by TLC. After the starting aryl halide was
consumed, the organic solvent is removed under reduced
pressure. The residue, partially soluble in H,O, is extracted
with AcOEt and the organic layer is dried (MgSQO,) and
evaporated. The crude products are purified by column
chromatography (AcOEt/Cyclohexane, 1:2).

3.2.1. 4-Phenylisatin (4a). 32%, Orange solid. Mp 209 °C.
IR (KBr): 3171, 1745, 1732, 1618, 1588, 1573, 1480, 1241,
1185,910 and 800 cm ~'. "H NMR (DMSO-dy): 7.59 (t, 1H,
He, J=7.8 Hz), 7.54—7.42 (m, 5H, Hpheny1), 6.99 (d, 1H, Hs
or H,, J=7.8 Hz), 6.87 (d, 1H, Hs or H;, J=7.8 Hz). °C
NMR (DMSO-dg): 183.04 (C-3), 159.10 (C-2), 151.56
(C-1"), 141.52 (C-Ta), 137.90 (C-6), 136.36 (C-4), 128.87
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(C-phenyl), 128.65 (C-phenyl), 128.08 (C-phenyl), 124.34
(C-5), 114.24 (C-3a), 111.13 (C-7). MS m/z: 223.1.
C14HoNO, (223.23); calcd: C, 75.33; H, 4.06; N, 6.27;
found: C, 75.27; H, 4.12; N, 6.31.

3.2.2. 4-(4-Methoxyphenyl)isatin (4b). 49%, red solid. Mp
214 °C. IR (KBr): 3335, 2921, 1754, 1719, 1612, 1519,
1469, 1303, 1252, 1194, 1101, 1026 and 789 cm™'. 'H
NMR (DMSO-dg): 11.09 (s, 1H, NH), 7.55 (t, 1H, Hg, J=
7.8 Hz), 7.50 (d, 2H, H,' and He, J=8.3 Hz), 6.99 (d, 2H,
Hy and Hy, J=8.3 Hz), 6.98 (d, 1H, Hs or H, J=7.8 Hz),
6.82 (d, 1H, Hs or H,, J=7.8 Hz), 3.80 (s, 3H, OCH;). '*C
NMR (DMSO-dg): 183.22 (C-3), 160.01 (C-2), 159.33
(C-4"), 151.67 (C-1"), 141.69 (C-7a), 138.02 (C-6), 130.55
(C-2" and C-6'), 128.74 (C-4), 124.35 (C-5), 114.21 (C-3a),
113.71 (C-3/ and C-5'), 110.65 (C-7), 55.44 (OCH;). MS
mlz: 253.1. C,sH;NO5 (253.26); caled: C, 71.14; H, 4.38;
N, 5.53; found: C, 71.08; H, 4.29; N, 5.48.

3.2.3. 4-(3,4,5-Trimethoxyphenyl)isatin (4c). 32%, orange
solid. Mp 231 °C. IR (KBr): 3242, 2922,1760, 1727, 1615,
1586, 1486, 1412, 1347, 1312, 1258, 1176, 1120, 987 and
797 cm ™~ '. "H NMR (DMSO-d): 11.12 (s, 1H, NH), 7.57 (t,
1H, Hq, J=7.8 Hz), 7.10 (d, 1H, Hs or H,, J=7.8 Hz), 6.88
(s, 2H, Hy and Hg), 6.85 (d, 1H, Hs or H,, J=7.8 Hz), 3.78
(s, 6H, OCH3), 3.70 (s, 3H, OCH3). '*C NMR (DMSO-dg):
182.33 (C-3), 159.04 (C-2), 152.40 (C-3’ and C-5'), 151.43
(C-4), 141.54 (C-4"), 137.97 (C-Ta), 137.65 (C-6), 131.54
(C-1), 124.16 (C-5), 114.22 (C-3a), 110.90 (C-7), 106.57
(C-2' and C-6), 60.06 (OCH3), 55.96 (OCH3). MS m/z:
313.2. C;;H;5sNOs (313.31); caled: C, 65.17; H, 4.83; N,
4.47; found: C, 65.12; H, 4.94; N, 4.53.

3.2.4. 4-(2-Furyl)isatin (4d). 48%, red solid. Mp 241 °C. IR
(KBr): 3302, 3124, 1754, 1731, 1616, 1567, 1490, 1475,
1250, 1190, 1027 and 923 cm™'. 'H NMR (DMSO-dg):
11.16 (s, 1H, NH), 7.94 (d, 1H, Hy,, J=3.6 Hz), 7.90 (m,
1H, Hy,,), 7.61 (t, 1H, Hg, J=7.9 Hz), 7.46 (d, 1H, H; or H,
J=8Hz), 6.79 (d, 1H, Hs or H,, J=7.8 Hz), 6.72 (m, 1H,
Hy,). °C NMR (DMSO-dg): 182.30 (C-3), 158.67 (C-2),
151.67 (C-7a), 149.25 (C-1'), 144.75 (C-fur), 138.39 (C-6),
129.05 (C-4), 119.27 (C-fur), 114.12 (C-5), 112,49 (C-fur),
111.48 (C-7), 110.68 (C-3a). MS m/z: 213.1. C;,H,NO;
(213.19); caled: C, 67.61; H, 3.31; N, 6.57; found: C, 67.49;
H, 3.23; N, 6.48.

3.2.5. 5-Phenylisatin (6a).> 26%, red solid. Mp 270 °C. IR
(KBr): 3435, 3052, 1603, 1494, 1442, 1345, 1306, 1178,
1086, 1024 and 700 cm ™ '. '"H NMR (DMSO-dg): 11.12 (s,
1H, NH), 7.90 (dd, 1H, He, J=8.0, 2.0 Hz), 7.76 (d, 1H, H,,
J=2Hz), 7.64 (d, 2H, Hppenyi, J=7.0 Hz), 7.46 (m, 3H,
Hpheny)s 6.99 (d, 1H, H7, J=8.0 Hz). °C NMR (DMSO-
de): 184.29 (C-3), 159.31 (C-2), 149.72 (C-7a), 138.68
(C-1"), 136.43 (C-6), 134.86 (C-5), 128.97 (C-phenyl),
127.44 (C-phenyl), 126.18 (C-phenyl), 122.40 (C-4), 118.30
(C-3a), 112.63 (C-7). MS m/z: 223.1.

3.2.6. 5-(4-Methoxyphenyl)isatin (6b). 21%, purple solid.
Mp 242 °C. IR (KBr): 3257, 2957, 1762, 1728, 1622, 1603,
1478, 1412, 1340, 1245, 1170, 1110, 1019 and 829 cm ™.
"H NMR (DMSO-dy): 11.08 (s, 1H, NH), 7.84 (dd, 1H, Hg,
J=8, 1.8 Hz), 7.70 (d, 1H, H4, J=1.8 Hz), 7.58 (d, 2H, Hy
and Hg, J=8.5 Hz), 6.99 (d, 2H, Hz' and Hs, J=8.5 Hz),

6.96 (d, 1H, Hs, J=8 Hz), 3.77 (s, IH, OCH3). '*C NMR
(DMSO-de): 184.46 (C-3), 159.55 (C-2), 158.90 (C-4'),
149.39 (C-7a), 135.93 (C-6), 134.68 (C-5), 131.09 (C-1"),
127.35 (C-4), 121.89 (C-7), 118.37 (C-3' and C-5'), 114.40
(C-3a), 112.60 (OCH;), 55.17 (OCH;). MS m/z: 253.1.
CysH;1NO; (253.26); caled: C, 71.14; H, 4.38; N, 5.53;
found: C, 70.96; H, 4.29; N, 5.43.

3.2.7. 5-(3,4,5-Trimethoxyphenyl)isatin (6¢). 32%, orange
solid. Mp 113 °C. IR (KBr): 3471, 3289, 1739, 1625, 1582,
1482, 1411, 1348, 1242, 1121 and 986 cm™'. '"H NMR
(DMSO-dg): 11,11 (s, 1H, NH), 7.92 (dd, 1H, Hg, J=38,
1.7 Hz), 7.83 (d, 1H, Hy, J=1.7 Hz), 6.96 (d, 1H, H;, J=
8 Hz), 6.88 (s, 2H, H,' and Hg), 3.85 (s, 6H, OCH3), 3.66 (s,
3H, OCH;). '>C NMR (DMSO-d¢): 184.42 (C-3), 159.64
(C-2), 153.24 (C-3' and C-5"), 149.80 (C-4'), 137.09 (C-7a),
136.57 (C-6), 135.09 (C-5), 134.47 (C-1'), 122.75 (C-4),
118.30 (C-3a), 112.40 (C-7), 103.72 (C-2’ and C-6'), 60.02
(OCH3), 55.98 (OCH;). MS m/z: 313.4. C;7H,sNOs
(313.31); caled: C, 65.17; H, 4.83; N, 4.47; found: C,
65.02; H, 4.80; N, 4.35.

3.2.8. 5-(2-Furyl)isatin (6d). 17%, purple solid. Mp 214 °C.
IR (KBr): 3285, 1757, 1730, 1621, 1503, 1477, 1282, 1200
and 1120 cm ™', "H NMR (DMSO-de): 11.13 (s, 1H, NH),
7.89 (dd, 1H, He, J=8.2, 1.9 Hz), 7.78 (d, 1H, H,, J=
1.9 Hz), 7.72 (s, 1H, Hg,), 6.97 (s, 1H, Hg,), 6.96 (d, 1H,
H,, J=8.2Hz), 6.57 (s, 1H, H,,). >*C NMR (DMSO-dg):
183.97 (C-3), 159.49 (C-2), 151.81 (C-1'), 149.39 (C-7a),
142.79 (C-fur), 132.74 (C-6), 125.41 (C-5), 119.36 (C-4),
118.34 (C-3a), 112.61 (C-fur), 112.12 (C-7), 105.48 (C-fur).
MS m/z: 213.0. C;,H,NO; (213.19); caled: C, 67.61; H,
3.31; N, 6.57; found: C, 67.58; H, 3.30; N, 6.49.

3.2.9. 6-Phenylisatin (8a). 71%, orange solid. Mp 230 °C.
(Lit.!* 230-235°C). IR (KBr): 3271, 2923, 1765, 1733,
1622, 1455, 1433, 1325, 1181, 1107 and 893 cm™'. 'H
NMR (DMSO-dg): 11.13 (s, 1H, NH), 7.70 (d, 2H, Hppeny1,
J=8Hz), 7.58 (d, 1H, H,, J=7.8 Hz), 7.53-7.46 (m, 3H,
Hpnenyt)s 7.35 (d, 1H, Hs, J=7.8 Hz), 7.09 (br s, 1H, Hy).
13C NMR (DMSO-dy): 183.70 (C-3), 159.77 (C-2), 151.38
(C-7a), 149.86 (C-6), 138.87 (C-1"), 129.17 (C-phenyl),
129.12 (C-phenyl), 127.05 (C-4), 125.30 (C-phenyl), 121.33
(C-5), 116.81 (C-3a), 110.06 (C-7). MS m/z: 223.1.

3.2.10. 6-(4-Methoxyphenyl)isatin (8b). 24%, red solid.
Mp 250 °C. IR (KBr): 3408, 2962, 1757, 1706, 1627, 1597,
1568, 1392, 1258, 1179, 1115, 1017, 828 and 800 cm ™' 'H
NMR (DMSO-dg): 7.68 (d, 2H, H,' and Hy/, J=8 Hz), 7.54
(d, 1H, Hy, J=7.9 Hz), 7.32 (d, 1H, Hs, J=7.9 Hz), 7.06 (d,
2H, Hy and Hy, J=8 Hz,), 7.06 (br s, 1H, H;), 3.81 (s, 3H,
OCHs). 13C NMR (DMSO-dg): 183.50 (C-3), 160.26 (C-4"),
159.97 (C-2), 151.52 (C-6), 149.57 (C-7a), 131.00 (C-1"),
128.43 (C-2' and C-6'), 125.36 (C-4), 120.59 (C-5), 116.17
(C-3a), 114.63 (C-3' and C-5'), 109.68 (C-7), 55.32 (OCHj).
MS mlz: 253.2. C;sH;;NO; (253.26); caled: C, 71.14; H,
4.38; N, 5.53; found: C, 71.23; H, 4.40; N, 5.22.

3.2.11. 6-(3,4,5-Trimethoxyphenyl)isatin (8c). 24%,
orange solid. Mp 236 °C. IR (KBr): 3398, 3304, 1750,
1730, 1625, 1577, 1489, 1436, 1411, 1343, 1252, 1161,
1120, 983 and 800 cm ™~ '. "H NMR (DMSO-dg): 8.01 (s, 1H,
NH), 7.67 (d, 1H, H,4 or Hs, J=8 Hz), 7.32 (d, 1H, H4 or Hs,
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J=8 Hz), 7.08 (brs, 1H, H,), 6.79 (s, 2H, H, and Hy'), 3.94
(s, 6H, OCH,), 3.91 (s, 3H, OCH;). >*C NMR (DMSO-d):
183.62 (C-3), 159.85 (C-2), 153.24 (C-3' and C-5), 151.27
(C-4"), 150.05 (C-7a), 138.46 (C-6), 134.58 (C-1'), 125.12
(C-4), 121.50 (C-5), 116.62 (C-3a), 110.20 (C-7), 104.63
(C-2" and C-6'), 60.08 (OCH;), 56.04 (OCHs). MS m/z:
313.0. C;7H,5sNOs (313.31); caled: C, 65.17; H, 4.83; N,
4.47; found: C, 65.03; H, 4.91; N, 4.52.

3.2.12. 6-(2-Furyl)isatin (8d). 66%, dark red solid. Mp
252 °C. IR (KBr): 3427, 2923, 1743, 1731, 1614, 1442,
1337, 1261, 1111, 1015 and 881 cm ™ '. '"H NMR (DMSO-
de): 11.19 (s, 1H, NH), 7.90 (d, 1H, H;, J=2 Hz), 7.54 (d,
1H, H,, J=8 Hz), 7.40 (dd, 1H, Hs, /=8, 2 Hz), 7.28 (d,
1H, Hy,,, J=3.4 Hz), 7.14 (s, 1H, Hg,,), 6.69 (m, 1H, Hg,,).
13C NMR (DMSO-d): 183.03 (C-3), 159.87 (C-2), 151.80
(C-7a), 151.45 (C-1"), 145.25 (C-fur), 138.57 (C-6), 125.60
(C-4), 117.60 (C-5), 116.38 (C-3a), 112.91 (C-fur), 110.54
(C-fur), 105.92 (C-7). MS m/z: 213.1. C;,H;NO5 (213.19);
caled: C, 67.61; H, 3.31; N, 6.57; found: C, 67.28; H, 3.24;
N, 6.51.

3.3. General procedure for the preparation of the
arylanthranilic acids (5a—d, 7a—d and 9a—d) from
arylisatins

To a stirred suspension of arylisatin 4, 6 and 8 (4.5 mmol,
1 equiv) in 5% sodium hydroxide (10 mL) is slowly added
30% hydrogen peroxide (10 mL) dropwise. The reaction
mixture is stirred at 50 °C for 30 min and then allowed to
reach room temperature. For compounds 7a-d and 9a-d,
the filtered solution is acidified to pH 4 with 1N
hydrochloric acid and the product is then collected by
filtration. For the other compounds, the filtered solution is
acidified to pH 3. The acidified aqueous layer is then
extracted with AcOEt (2X 10 mL) and the organic layer is
dried (MgS0O,) and evaporated. The residue is crystallised
from CH,Cl,/n-hexane.

3.3.1. 6-Phenylanthranilic acid (5a). 13%, beige solid. Mp
112°C. IR (KBr): 3391, 2962, 1693, 1604, 1462, 1384,
1261, 1100, 1024 and 800 cm™'. '"H NMR (DMSO-dy):
7.36-7.24 (m, SH, Hpheny1)» 7-14 (t, 1H, Hy, J=7.8 Hz), 6.73
(d, 1H, H; or Hs, J=8 Hz), 6.45 (d, 1H, H; or Hs, J=
7.5 Hz). >C NMR (DMSO-dg): 170.23 (COOH), 148.04
(C-2), 142.52 (C-1"), 130.61 (C-4), 129.36 (C-6), 128.56
(C-phenyl), 127.94 (C-phenyl), 127.85 (C-phenyl), 126.66
(C-5), 117.83 (C-3), 114.90 (C-1). MS m/z: 213.1.
C13H{1NO, (213.24); caled: C, 73.23; H, 5.20; N, 6.57;
found: C, 73.19, H, 5.06; N, 6.49.

3.3.2. 6-(4-Methoxyphenyl)anthranilic acid (5b). 20%,
beige solid. Mp 128 °C. IR (KBr): 3470, 3360, 1686, 1605,
1578, 1514, 1456, 1428, 1305, 1262, 1170, 1106, 1027 and
773 cm~'. '"H NMR (DMSO-d): 7.18 (d, 2H, Hy and Hg,
J=72Hz),7.11 (t, IH, H,, J=7.8 Hz), 6.91 (d, 2H, Hy and
Hs, J=7.2 Hz), 6.69 (d, 1H, H; or Hs, J=7.8 Hz), 6.44 (d,
1H, H; or Hs, J=7.8 Hz), 3.75 (s, 3H, OCH;). '*C NMR
(DMSO-dg): 170.41 (COOH), 158.29 (C-4'), 147.83 (C-2),
141.68 (C-1"), 134.72 (C-4), 130.52 (C-6), 128.95 (C-2’ and
C-6"), 117.73 (C-5), 115.22 (C-1), 114.44 (C-3), 113.45
(C-3" and C-5'), 55.06 (OCH3). MS m/z: 243.1. C;4,H,3NO;

(243.26); calcd: C, 69.12; H, 5.39; N, 5.76; found: C, 69.02;
H, 5.31; N, 5.70.

3.3.3. 6-(3,4,5-Trimethoxyphenyl)anthranilic acid (5c).
14%, beige solid. Mp 110 °C. IR (KBr): 3378, 2935, 1692,
1583, 1462, 1346, 1239, 1125, 999 and 808 cm ™~ '. '"H NMR
(DMSO-de): 7.10 (t, 1H, Hy, J=8 Hz), 6.70 (d, 1H, H; or
Hs, J=28.5 Hz), 6.55 (s, 2H, H, and Hg), 6.53 (d, 1H, H; or
Hs, J=7.8 Hz), 3.75 (s, 6H, OCH3), 3.65 (s, 3H, OCH3). °C
NMR (DMSO-dg): 170.47 (COOH), 152.35 (C-3/ and C-5"),
147.30 (C-2), 137.98 (C-4"), 130.30 (C-4), 129.95 (C-1"),
121.80 (C-6), 121.03 (C-1), 117.51 (C-5), 114.63 (C-3),
105.41 (C-2" and C-6"), 59.98 (OCHj3), 55.76 (OCHj3). MS
miz: 303.3. C;,H7NO5 (303.32); calcd: C, 63.36, H; 5.65;
N, 4.62; found: C, 63.41; H, 5.58; N, 4.59.

3.3.4. 6-(2-Furyl)anthranilic acid (5d). 11%, beige solid.
Mp 134 °C. IR (KBr): 3075, 2920, 1657, 1561, 1502, 1380,
1368, 1256, 1212, 1018 and 928 cm ™ '. '"H NMR (DMSO-
dg): 7.66 (s, 1H, Hy,,), 7.13 (t, 1H, Hy, J=8 Hz), 6.72 (d, 1H,
H; or Hs, J=7.5 Hz), 6.71 (d, 1H, H; or Hs, J=8 Hz), 6.55
(d, 1H, Hy,, J=3.2Hz), 6.51 (m, 1H, H,). °C NMR
(DMSO-dg): 170.11 (COOH), 153.43 (C-2), 147.17 (C-1"),
142.59 (C-fur), 130.44 (C-4), 129.76 (C-6), 115.52 (C-5),
115.46 (C-fur), 114.48 (C-1), 111.52 (C-3), 106.88 (C-fur).
MS m/z: 203.1. C;;HoNO; (203.20); caled: C, 65.02; H,
4.46; N, 6.89; found: C, 64.89; H, 4.51; N, 6.94.

3.3.5. 5-Phenylanthranilic acid (7a). 47%, beige solid. Mp
206 °C. (Lit.'* 203-205 °C, 1it."> 200-202 °C). IR (KBr):
3438, 3393, 3031, 1665, 1622, 1584, 1482, 1421, 1301,
1234, 1170, 897, 824 and 759 cm ™ '. "TH NMR (DMSO-de):
7.96 (br s, 1H, Hg), 7.56 (m, 3H, Hypeny)s 7.38 (m, 2H,
Hpnenyt), 725 (d, 1H, H; or Hy, J=7.3 Hz), 6.83 (d, 1H, H;
or Hy, J=7.3 Hz). *C NMR (DMSO-dg): 169.95 (COOH),
151.38 (C-2), 140.23 (C-1'), 132.54 (C-6), 129.28
(C-phenyl), 129.25 (C-phenyl), 126.88 (C-5), 126.57
(C-4), 125.85 (C-phenyl), 117.53 (C-3), 110.27 (C-1).
HRMS (EI") m/z: 213.0843 (M*, 100, C,3H;,NO,
required 213.0789).

3.3.6. 5-(4-Methoxyphenyl)anthranilic acid (7b). 54%,
beige solid. Mp 250 °C. IR (KBr): 3492, 3391, 1683, 1624,
1584, 1555, 1489, 1414, 1233, 1165, 1024 and 812 cm ™.
"H NMR (DMSO-d): 11.07 (s, 2H, NH,), 7.84 (dd, 1H, H,,
J=38.2, 1.8 Hz), 7.70 (d, 1H, Hg, J=1.8 Hz), 7.58 (d, 2H,
H, and Hg, J=8.5Hz), 6.99 (d, 2H, Hy and Hy, J=
8.5 Hz), 6.96 (d, 1H, Hs, /J=38.2 Hz), 3.77 (s, 3H, OCHy).
3C NMR (DMSO-dg): 169.53 (COOH), 157.94 (C-4"),
150.37 (C-2), 132.37 (C-5), 131.76 (C-1"), 128.20 (C-4),
126.50 (C-2' and C-6'), 126.38 (C-6), 117.03 (C-7), 114.26
(C-3" and C-5), 109.92 (C-1), 55.08 (OCH3). HRMS (EI'")
mlz: 243.0877 M ™, 48.5, C,4,H,3NO; required 243.0895).

3.3.7. 5-(3,4,5-Trimethoxyphenyl)anthranilic acid (7c).
70%, beige solid. Mp 220 °C. IR (KBr): 3468, 3356, 2945,
2833, 1682, 1626, 1584, 1493, 1430, 1242, 1129, 992 and
813cm ™~ '. 'TH NMR (DMSO-d¢): 7.92 (d, 1H, He, J=
2.2 Hz), 7.57 (dd, 1H, H,, J=8.5, 2.2 Hz), 6.82 (d, 1H, H;
J=8.5Hz), 6.74 (s, 2H, H,' and Hg), 3.82 (s, 6H, OCH3),
3.65 (s, 3H, OCH;). '*C NMR (DMSO-d¢): 169.51
(COOH), 153.19 (C-3' and C-5'), 150.79 (C-2), 136.38
(C-4"), 135.88 (C-1"), 132.39 (C-5), 128.76 (C-4), 126.88
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(C-6), 116.93 (C-1), 109.80 (C-3), 103.12 (C-2' and C-6'),
60.06 (OCHs), 55.94 (OCH,). HRMS (EI*) m/z: 303.1116
(M™, 100, C,¢H{7NOs required 303.1106).

3.3.8. 5-(2-Furyl)anthranilic acid (7d). 79%, green solid.
Mp 180 °C. IR (KBr): 3499, 3388, 2961, 1679, 1631, 1583,
1477, 1412, 1229, 1163, 1014 and 795 cm™'. 'H NMR
(DMSO-de): 7.99 (d, 1H, Hs J=2.2 Hz), 7.59 (s, 1H, Hg,,),
7.56 (dd, 1H, H,, J=8.5, 2.2 Hz), 6.79 (d, 1H, Hs, J=
8.5 Hz,), 6.61 (d, 1H, Hg,, /J=3.4 Hz), 6.48 (s, 1H, Hg,,).
13C NMR (DMSO-dg): 169.25 (COOH), 153.30 (C-2),
150.85 (C-1'), 141.32 (C-fur), 129.50 (C-5), 126.03 (C-4),
117.67 (C-6), 116.95 (C-1), 111.74 (C-3), 109.48 (C-fur),
102.48 (C-fur). HRMS (EI'") m/z: 203.0575 M™, 25.5,
C11HoNOj; required 203.0582).

3.3.9. 4-Phenylanthranilic acid (9a). 54%, white solid. Mp
234 °C. IR (KBr): 3493, 3383, 3028, 1670, 1621, 1591,
1543, 1415, 1312, 1259, 1224, 1115, 910, 859 and 758 cm ™ .
"H NMR (DMSO-d): 7.75 (d, 1H, He, J=7.6 Hz), 7.59 (d,
2H, H,' and Hy, J=6.8 Hz), 7.45-7.38 (m, 3H, Hs/, Hy and
Hs),7.00 (brs, 1H, H3),6.79 (d, 1H, Hs, J="7.6 Hz). >*C NMR
(DMSO-dg): 169.41 (COOH), 151.71 (C-2), 145.11 (C-1"),
139.65 (C-4), 131.89 (C-6), 128.88 (C-2' and C-6'), 128.04
(C-4"), 126.59 (C-3' and C-5), 114.02 (C-5), 113.38 (C-3),
109.00 (C-1). HRMS (EI") m/z: 213.0844 (M™, 17.0,
C13H1 ]N02 required 2130789)

3.3.10. 4-(4-Methoxyphenyl)anthranilic acid (9b). 32%,
beige solid. Mp 258 °C. IR (KBr): 3481, 3376, 1668, 1604,
1523, 1418, 1251, 1192, 1118, 1033 and 778 cm ™ '. 'H
NMR (DMSO-d¢): 10.21 (s, 2H, NH,), 7.71 (d, 1H, Hs or
He, J=8.3 Hz), 7.54 (d, 2H, Hy and Hg, J=7.3 Hz), 7.01
(d, 2H, Hy and Hs/, J=7.3 Hz), 6.96 (br s, 1H, H3), 6.75 (d,
1H, Hs or He, J=8.3 Hz), 3.78 (s, 3H, OCH;). '*C NMR
(DMSO-dg): 169.36 (COOH), 159.37 (C-4"), 151.76 (C-2),
144.79 (C-4), 131,84 (C-1"), 131.81 (C-6), 127.75 (C-2/ and
C-6'), 114.33 (C-3' and C-5'), 113.31 (C-5), 113.05 (C-3),
108.22 (C-1), 55.19 (OCH;). HRMS (EI"") m/z: 243.0916
(M, 100, C14H,3NO; required 243.0895).

3.3.11. 4-(3,4,5-Trimethoxyphenyl)anthranilic acid (9¢c).
30%, beige solid. Mp 188 °C. IR (KBr): 3446, 3362, 2937,
1674, 1588, 1516, 1455, 1403, 1305, 1231 and 1132 cm ™.
"H NMR (DMSO-dg): 7.73 (d, 1H, He, J=8 Hz), 7.01 (d,
1H, Hs, J=1.5 Hz), 6.85 (s, 2H, H,' and Hg/), 6.81 (dd, 1H,
Hs, J=8, 1.5 Hz), 3.83 (s, 6H, OCHs), 3.68 (s, 3H, OCH3).
13C NMR (DMSO-dg): 169.25 (COOH), 153.12 (C-2),
151.62 (C-3’ and C-5'), 145.19 (C-4"), 137.74 (C-4), 135.41
(C-1"), 131.68 (C-6), 114.03 (C-5), 113.57 (C-3), 108.87
(C-1), 104.17 (C-2' and C-6'), 59.73 (OCH3;), 55.96
(OCH;3). HRMS (EI'") m/z: 303.1062 (M™*, 23.6,
C16H7NOs5 required 303.1106).

3.3.12. 4-(2-Furylanthranilic acid (9d). 52%, green solid.
Mp 204 °C. IR (KBr): 3486, 3383, 1668, 1623, 1595, 1541,
1483, 1418, 1320, 1264, 1233, 1215, 1167, 1011, 868 and
777 cm ™. 'TH NMR (DMSO-dg): 10.20 (s, 2H, NHy,), 7.75
(d, 1H, Hg,, J=1.2 Hz), 7.70 (d, 1H, He, J=8.3 Hz), 7.07
(d, 1H, Hs, J=1.7 Hz), 6.91 (d, 1H, Hg,,, J=3.4 Hz), 6.84
(dd, 1H, Hs, J=8.3, 1.7 Hz), 6.60 (m, 1H, Hy,,). >*C NMR
(DMSO-dg): 169.16 (COOH), 152.47 (C-2), 151.72 (C-1'),
143.55 (C-fur), 134.61 (C-4), 131.86 (C-6), 112.17 (C-5),

110.32 (C-fur), 110.17 (C-3), 108.51 (C-1), 107.50 (C-fur).
HRMS (EI'") m/z: 203.0520 M, 57.9, C,;HoNO; required
203.0582).

3.4. General procedure for the one-pot preparation of
the anthranilic acids (7a-b, 9a-b)from iodoisatins

To a solution of iodoisatin 3b—c¢ (1 equiv) in DME (50 mL)
under argon was added arylboronic acid (1.2 equiv)
followed by the addition of Pd(PPhj), (0.05 equiv) and
sodium hydrogen carbonate (2 equiv) in H,O (10 mL). The
reaction mixture was refluxed for 12 h. The solvent was then
evaporated under vacuum and the residue was taken up with
sodium hydroxide (10 mL, 5%). Impurities were then
extracted with CH,Cl, and hy