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Synthetic methods for the construction of the 4(3H)-quinazolinone 1 and quinazoline 2 skeletons, with a particular emphasis on the
2-substituted and 2,4-disubstituted analogues, are reviewed. The report contains 127 references.
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1. Introduction

Heterocyclic chemistry comprises at least half of all organic
chemistry research worldwide. In particular, heterocyclic
structures form the basis of many pharmaceutical,
agrochemical and veterinary products. 4(3H)-Quinazoli-
nones 1 and related quinazolines 2 are classes of fused
heterocycles that are of considerable interest because of the
diverse range of their biological properties, for example,
anticancer, diuretic, anti-inflammatory, anticonvulsant and
antihypertensive activities.'™

Many of the literature synthetic methods for elaboration of
this simple ring structure are, however, time consuming,
tedious and often low yielding.>™®

o] R
&N”Fﬂ SN
N/)\RZ N/)\RZ
1 2

In this review, which covers the literature up to the end of
2004, we describe the new and improved methods for the
construction of the 4(3H)-quinazolinone and quinazoline
skeletons, with a particular emphasis on the 2-substituted
and 2,4-disubstituted analogues. Some of these procedures
have clear technical advantages over older methods in terms
of yield and versatility, but do not employ new chemistry in
the construction of the ring systems. The use of
combinatorial synthesis, microwave-enhanced processes
and new catalytic methodologies in the preparation of
these heterocycles is a clear indication that significant
advancement has been made in recent years.

The syntheses of both quinazolinones and quinazolines will
be classified into the following five categories, based on the
substitution patterns of the ring system:

e 2-Substituted-4(3H)-quinazolinones and -quinazolines
(Section 2).

3-Substituted-4(3H)-quinazolinones (Section 3).
4-Substituted-quinazolines (Section 4).
2,3-Disubstituted-4(3H)-quinazolinones (Section 5).
2,4-Disubstituted-4(3H)-quinazolinones and quinazo-
lines (Section 6).

Within each subclassification, the methods will be
described, where possible, beginning with the most recent
developments in the construction of these important
heterocycles.

2. 2-Substituted-4(3H)-quinazolinones and -quinazolines
N/)\ X

2.1. Amidation and cyclisation of 2-aminobenzoic acid
derivatives

~N
N/)\X

The most common approach involves amidation of
2-aminobenzonitrile, 2-aminobenzoic acid and 2-amino-
benzamide. As an example, the reaction of 2-aminobenzo-
nitrile 3 (X=H) with 3-phenyl-acryloyl chloride 4 followed
by oxidative ring closure under basic conditions produced
2-styryl-4(3H)-quinazolinone 6 (X=H) in 29% yield,
Scheme 1.2

This procedure is tolerant of a wide range of substitution
patterns on the benzene ring and, in most cases, the amide
intermediates S5 can be isolated in good yields. The overall
yields to these 2-styr§71-quinazolin0nes 6, however, varied
between 4 and 61%."

A modification of this protocol was reported by Bandgar,
whereby a urea—hydrogen peroxide adduct was utilised with
potassium carbonate to yield 2-substituted quinazolinones
possessing varied substitution patterns in the starting
material in yields ranging from 86 to 98%.'* This
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Scheme 1.
NC R R' N R treated with a primary amine to introduce an N3-
X =~
r. B 5 N HCI Y substituent.'”'®
YN Pz . HN
j( reflux, 10 min
O O 0 6-Chloro-2-methylquinazolin-4(3H)-one 9 could also be
_ 1. used to gain entry to other heteroaromatic analogues.'® For
R=Me, R1 =H example, 9 was refluxed for 12 h in glacial acetic acid with
R=Me,R' =5-NO; pyridine-2-carbaldehyde 10 to give 6-chloro-2-(2-pyridin-
R =Me, R" = 5-NH, 2yl-vinyl)-quinazolin-4(3H)-one 11 in 68% yield, Scheme 4.
R=Ph,R'=H These 2-styrylquinazolin-4(3H)-one analogues have growth-
R=CFs R'=H iphibitory activ.ity against leukaemia cells. Lee et al. psed a
similar synthesis to access a range of 2-aryl-quinazolinones
Scheme 2. that were active against a panel of tumour cell lines."”
o} o
Ac,0
CI\@\)vLOH Cy \ka NH4OAC CI\@kaH
NH, reflux )\ 150°C, 0.5 h N/)\
76% 54%
7 9
Scheme 3.
Rad-Moghadam and Mohseni recently published a route to
cl ACOH 2-substituted quinazolin-4(3H)-ones under microwave con-
NH ditions.?® This protocol involves the condensation of

N/)\ reflux, 12 h

9 Qﬁl

o

\@”m

Scheme 4.

methodology was also used to synthesise 2-hydroxymethyl-
quinazolin-4(3H)-one in good yields by Batvetsias."

Showell has reported that a range of 2-substituted
quinazolin-4(3H)-one derivatives could be synthesised
under acidic conditions.'® The advantages of this method-
ology include short reaction times and high yields,
Scheme 2.

Another procedure employed by Jiang et al. involved the
treatment of 5-chloroanthranilic acid 7 with acetic
anhydride to afford the benzoxazinone 8 in 76% yield,
Scheme 3.'? Stirring with ammonium acetate at an elevated
temperature afforded 6-chloro-2-methylquinazolin-4(3H)-
one 9 in 54% yield. In addition, intermediate 8 could also be

anthranilic acid 12, ammonium acetate and the orthoesters
13, which gives access to the 2-substituted-4(3H)-quinazo-
linone 14, Scheme 5.

0
OFEt
OH + R%gg +  AcONH,
OFEt
NH,
12 13
210 W
5 min
N_ R
R = H, Me, Et, N
Pr, Bu, Ph NH
o)
14

Scheme 5.
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Scheme 8.

These reactions were solvent free and were completed in a
short time (5 min), giving high yields (77-83%). The use of
ammonium acetate negates the requirement to prepare
anhydrous ammonia. Condensation can also be achieved
using more traditional reflux conditions in an ethanolic
solution, giving higher yields, but with longer reaction
times.

The condensation of amides of anthranilamide 15 can be
traced back to 1887, when Korner reported that treatment of

0]

NH
OH
& + Meok(CHz)nCN
NH,

12 24

Scheme 9.
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5% NaOH
NHz  100%

Ar = Ph, 4-MeCgH,,
4-EtCgHy, 4-MeOCgH,,
4-EtOCgHy, 4-CICgH,

an N-benzoylorthoanilamide with aqueous potassium
hydroxide yielded 2-phenylquinazolin-4(3H)-one.*' More
recently, Bergman has utilised this methodology in the total
synthesis of chrysogine 16 via 17 and to produce 2-vinyl-
quinazolin-4(3H)-one 18 from 19, Scheme 6.22% It has also
been used by chemists at the Fujisawa Pharmaceutical
Company in the synthesis of a series of 2-substituted-4(3H)-
quinazolinone inhibitors of poly(ADP-ribose)polymerase.**

Reddy and Nagaraju reported the use of polyphosphate ethyl
ester (PPE) to achieve the synthesis of 2-chloromethyl-
quinazolin-4(3H)-one 20 in 71% yield from 21, Scheme 7.%
This compound was manipulated further to give 2-aryl-2H-
pyrazino[2,1-b]quinazoline-3,6(1 H,4H)-diones 22.

The synthesis of 2-carboethoxy-quinazoline-4(3H)-one 23
has been reported by Baker and Almaula in 1962 from

anthranilamide 15 and diethyl oxalate, Scheme 8,26
(6]
MeOH &N/H
80°C, 1.5h
N/)\(CHZ)nCN
n=1,80%
n=2,70%
n =3, 50% 25



D. J. Connolly et al. / Tetrahedron 61 (2005) 1015310202

O
oH NH
OO ¥ Meokaz)nCN
NH,
26 24
Scheme 10.
(0]
NH
OH *
OO o
NH,
Scheme 11.

Johne and von Manfred Siisse have reported conditions
under which 23 can be either O-alkylated or N-alkylated.*’
Analogues and derivatives of this compound have been used
in the study of potential anthelmintics,”® anti-allergic
agents®’ and antitubercular agents.*®

2.2. Condensation of imidates with 2-aminobenzoic acid

The reaction of imidates 24 and anthranilic acid 12 was
reported in the early 1960s by Ried et al.*'=* A related
approach was employed by Hennequin et al. for the
preparation of a series of quinazoline antifolate thymidylate
synthase inhibitors.** The two components were condensed
in methanol at 80 °C to afford the desired quinazolinones 25
in good yields, Scheme 9.

The reaction of imidates 24 with 3-amino-3-naphthalene-2-
carboxylic acid 26 was also investigated and produced the
corresponding benzo-fused quinazolinones 27 in moderate
to good yields, Scheme 10.

In addition, the latter procedure was employed to introduce
2-alkyl and 2-aryl substituents on the benzo-fused quinazo-
linones 28, with yields ranging from 40-43%, Scheme 11.

Connolly and Guiry extended this methodology to syn-
thesise a series of 2-aryl- and 2-alkylquinazolinones.® The
necessary imidates 31a—g were preformed by reacting the
corresponding nitriles 29a—f and were formed as their
hydrochloride salts 30a—f, an exception being the 2-pyridyl
imidate 31g, which was formed in situ by a base-catalysed
reaction. The generation of the imidate hydrochloride salts
gave excellent yields in all cases, Scheme 12, Table 1.

Prior to condensation with anthranilic acid, the imidate salts
were converted into the corresponding imidates 31a—g by
reaction with one equivalent of base. The condensation
reaction afforded the quinazolinones 32a—g in satisfactory
to good yields, Scheme 13, Table 2.

2.3. 2-Alkylthio-quinazolinone synthesis via thiocyanates

Gruner and co-workers developed a novel route to
2-alkylthio-quinazolines by heating a suspension of

10157
o)
o - LY
80°C, 15h
N/)\(CHz)nCN
n=1,57%
n=251% 27
n =3, 39%
0
MeOH OO NG
— >
0,
80°C, 1.5h N/KR
R = Ph, 40%
R = Me, 42% 28
R = Furyl, 43%
HCI (g) NH.HCI
R-CN
MeOH/hexane R” "OMe
29a-f 0°C.3h 30a-f

Scheme 12.

Table 1. Synthesis of imidate salts 30a—f from nitriles 29a—f

Nitrile 29 R Yield of 30 (%)
a Me 75
b Bn 97
c Cy 96
d Ph 62
e i-Pr 98
f -Bu 85
g 2-Pyridyl 97*
* Imidate formed by base-catalysed route.
N_ _R
NH, NH MeOH Nl
Ol ot "
co,H R” "OMe 1 25°C, 30 min 3
2.80°C,6h
12 3la-g 32a-g
Scheme 13.

Table 2. Condensation of imidiate esters 31a—g to form quinazolinones
32a-g

Imidate ester 31 R Yield of 32 (%)
a Me 42*

b Bn 65°

¢ Cy 44¢

d Ph 46°

e i-Pr 47¢

f #-Bu 567

g 2-Pyridyl 70*
“0°C.

® After initial 30 min reaction.
¢ Precipitated at 25 °C.
4 Upon addition of water.
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CO,Et
@ KSCN, ACN & NH
70%
A N J(s
o CH,CI o CH,SCN o/}\/
33
0
X @
N~ g /\
//\.\/ 35a R = OEt, 72% W
o 35b R =OH, 80%
34 35¢ R =NHBn, 54% 35
35d R = NEty, 43%
Scheme 14.
0 o)
NH RNH; NH R = NHy, 33%
_ 'R R=CH,CH,NEt,, 39%
N/)\S/\Q/O N/)\N >CHoNEL, o
OEt H
35a 36
Scheme 15.

N-chloroacetyl-anthranilic acid ethyl ester 33 with
potassium thiocyanate in acetonitrile (ACN).*® It was
discovered that the alcohol or amine employed as the
solvent reacted with the thiazolo[3,2-a]quinazoline-1,5-
dione intermediate 34 to furnish the corresponding 4-oxo-
3,4-dihydroquinazolines 35a—d in 43—72% yield, Scheme 14.

Treatment of product 35a with primary amines afforded
2-amino-4-oxo-3,4-dihydroquinazolines 36 in acceptable
yields (33-39%) by elimination of the thioacetic acid
moiety, Scheme 15.

morpholine
R'>cHo
toluene, rt
R! = Me
R! = Et
"=Bn
R =CyoH21 R

N O
R1/\/ /

2.4. Triazolines to quinazolines

Erba et al. employed a three-component reaction to form
2-alkylquinazolines from the reaction of amidines with
ammonia.”’ In the first step, an aldehyde is reacted with
morpholine and, subsequently, with an aryl azide to afford
the triazolines 37 in acceptable yields, Scheme 16.

On exposure to a saturated ethanolic solution of ammonia in

a sealed vessel at 150 °C or, alternatively, in ammonium
acetate in boiling toluene, the triazolines 37 were converted

R3\@COR2
\
= N3

R? = H, R® = NO,
R?=Ph,R®=ClI

3
EtOH = N//\/R1
150°C

37aR,=Et, R2-H R®=NO,
37b Ry= Me, R = H, R3-N02
37c¢ Ry =Bn, R? =H, R® = NO,
37d Ry = CygHyq, R = H, R® = NO,

Scheme 16.
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(0]
R X =
-H,O = N NH
e T
NH,.HCI NNF
X F
39
X= CN, N02 R= 4-C10H21C6H4
R = 4-(p-FCgH4)CsH4 ACN
R =4-BnOCgH, reflux, 12 h
R= 4-BFCGH4
R= 4-BUCGH4
X N
N/)\R

Scheme 17.

Table 3. Synthesis of quinazoline derivatives 40 from amidines and 2-
fluorobenzaldehyde

into the desired quinazoline products 38 in approximately
30 min. The ring-closure step worked well for the
triazolines 37a and 37b, affording the 2-alkyquinazolines

Entry Product 40 Yield (%) in 92 and 95% yield, respectively. In comparison, the
NC N triazolines 37¢ and 37d only gave moderate yields of 38 and
1 NG 62
. | coH Overall, this procedure is characterised by the use of readily
NG 10t 721 available starting materials for the synthesis of 2-sub-
\©\AN stituted-quinazolines that bear electron-withdrawing
2 NG 57 groups.
OBn . - .
OZNC?N 2.5. Reaction of amidines with 2-fluorobenzaldehyde
3 N” 55 Kotsuki et al. developed a condensation of cyano- and nitro-
CHLF activated o-fluorobenzaldehydes with amidines 39 to give a
O.N 674 variety of quinazoline derivatives 40 in good yields.*® This
2 N method involves tandem imine formation with the aldehyde
4 NG 69 function and an intramolecular nucleophilic aromatic
substitution at the fluorine-substituted carbon centre,
Br Scheme 17. The reaction is carried out in refluxing
O,N N S ) .
N acetonitrile with potassium carbonate in the presence of
5 A 67 . -
N Bu powdered molecular sieves, and the crude product is
purified by chromatography.
+
S NH,
cl DMF, 80°C S cl
1 )
R\NkNHZ + Q Q" R
H
42
0]
N (e}
|
X o NH;
= N/&O — ¥ 0
43 H S N \ // = NH
Xi
i-Pr,NEt, DMF, 80°C Q— NH g NAN,R*
R’ H
41

Scheme 18.
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Table 4. Synthesis of 2-amino-quinazolinones 41 from resin-bound
isothioureas

Entry Product 41 Yield (%)* Purity
(%)°
o)
1 iH 65 93 (100)
—
N N/\/
H
o)
Me
2 NH 67 97 (100)
N/)\N/\/
H
OMe O
MeO
3 J\f 64 98 (100)
MeO N" SN
H
0
Cl
4 \j[:::]:jutjjf' o 88 97 (100)
~
N~ N’
H
0
cl
5 NH 88 94 (100)
N4L\N
H
0
6 NH 81 100 (100)
~
N" N
H
7 Jﬁ? /J[:::] 53 84 (90)
NN
H
OMe O
MeO
8 NH 80 95 (10)
pZ _Et
MeO N" N
OMe O
SN GG W ORI
—
MeO” N7 N
H

# Based on amount of isatoic anhydride used.
" Determined by HPLC using both UV (254 nm) and ELSD detectors;
numbers in brackets are from ELSD detector.

Ph toluene
Ph\fN + N=C=0
(o]
Nﬁ 110°C, 4d
N.
Me” "Me
44

Scheme 19.

The general applicability of this procedure is apparent,
Table 3, and a variety of quinazoline derivatives were
obtained in moderate to good yields using both aromatic and
aliphatic amidines.

2.6. Synthesis of 2-amino-quinazolinones from resin-
bound isothioureas

A concise and efficient solid-phase synthesis of 2-amino-
quinazolin-4(3H)-ones 41 was reported by Yang and
Kaplau, involving the reaction of polymer-bound iso-
thioureas 42 with isatoic anhydride derivatives 43 with
good yields and excellent purity, Scheme 18, Table 4.%

The required thiourea is efficiently loaded onto a chloro-
methylated polystyrene resin in DMF at 80 °C to form the
polymer-bound isothiourea. Unlike most solid-phase
methods that require a large excess of reagents to force
the reactions to completion, this method proceeds well with
a stoichiometric amount of isatoic anhydride. A feature of
this approach is that the thiol generated remains attached to
the solid support, providing a more practical and environ-
mentally friendly synthesis of 2-amino-quinazolin-4(3H)-
ones.

2.7. Hetero-Diels—Alder synthesis of 2-substituted-
quinazolinones

The synthesis of 2-substituted-quinazolinones by the
cyclisation of 1-aryl-4-dimethylamino-2-phenyl-1,3-diaza-
1,3-butadienes 44 and phenyl isocyanate was reported by
Croce et al.** The reaction was carried out under an
atmosphere of nitrogen in toluene at reflux temperature, to
furnish the desired products 45 in good yields, Scheme 19.

The presence of the electron-rich dimethylamino group on
the diene destabilises the cycloaddition adduct, facilitating
the elimination of the N,N-dimethyl-N'-phenylformamidine
46 as a side product.

2.8. Reaction of nitriles with lithiated 2-aminobenz-
amides

Couture and co-workers have developed a novel procedure
for the synthesis of 2-aryl- and 2-alkylquinazolin-4(3H)-
ones 47 by the reaction of lithium 2-(diethylaminocar-
bonylanilide 48 with the appropriate aryl or aliphatic
nitrile.*' This route is highly efficient when aryl and
heteroaryl nitriles are used. In the case of alkyl nitriles,

o)
R\©5'L)N\/H . MezNﬁ‘
N” >Ph N-ph

45 46
R=H, 84%
R =Me, 88%
R =NOy, 70%



D. J. Connolly et al. / Tetrahedron 61 (2005) 1015310202 10161

0 0
2. RCN, THF
NEt, 1.LDA NEt; | _-30°Ctort
NH,  THF,-30°C NLi 3. NH,CI, H,0 *

48 47

Scheme 20.

Table 5. Reaction of nitriles with lithiated 2-aminobenzamides to form The €yano group was h.ydr(ﬂys.ed with hyfirOChIOI:IC acid
2-aryl- and 2-alkylquinazolin-4(3H)-ones 47 followed by treatment with sodium hydroxide to yield the
2-aminoquinazolin-4(3H)-one derivatives 53 in good yields.

Entry 2-Substituent (R) Yield (%)
1 %}Q 75 2.10. Condensation of anthranilate esters with guanidine
< S The amino quinazolin 4(3H)-one 54 was developed by
2 @ 48 Hess et al.* It was prepared in moderate yield from the
4 o corresponding methyl anthranilate 50 with excess guanidine
3 X\ /7 63 55 in the presence of sodium ethoxide in ethanol,

CF Scheme 22.
3
! }7;@/ s 2-Chloro-quinazolin-4(3H)-one 56 could similarly be
N formed by alkaline hydrolysis of the corresponding 2,4-
5 \ _ 45 dichloroquinazoline at room temperature, which allowed
x CFs3 the effects of varying the 2-substituents on the biological
activity to be explored. For example, on heating diethyl-
6 % 15 amine and the 2-chloro-quinazolin-4(3H)-one 56 for 5 h at
F

O
7 @ 55 NCN CO,Me
5 F 0« OMe  NaH oPh
N PhO OPh dioxane N&NCN
NH
8 ' 72 2 H

NHs
10 j%O g BnNH2
i-PrOH k NaOH DMSO )\

which possess acidic a-protons, good conversions are still

obtained, considering that reaction with the lithium R—H, 84% R=H, 63%
intermediate 48 is a possible side reaction, Scheme 20, R = Bn, 79% R=Bn, 81%
Table 5.

Scheme 21.
Although the yields are modest in some cases, these are
outweighed by the simplicity and generality of the process, o
which represents a convenient route to 2-aryl- and 0
2-alkylquinazolin-4(3H)-ones. oMe * J\tl NaOEt @ NH

H,N” “NH, 130°C,5h N%NHz

2.9. Reaction of methyl anthranilate with carbon- NH; EIOH
imidates 50 55 66% 54

Scheme 22.
Garratt et al. have developed the use of one-carbon
compounds as synthetic intermediates in the synthesis of
2-aminoquinazolin-4(3H)-ones.*> As an example, the /o) ]
reaction of diphenyl cyano-carbonimidate 49 with methyl Et,NH NH
anthranilate 50 treated with sodium hydride in dioxane NH ~Eon )\
afforded the o-phenylisourea 51 in 50% yield after 16 h at N/)\CI 130°C. 5 h N~ “NEt,
room temperature, Scheme 21. Addition of 51 to a saturated

56 75% 57

solution of the appropriate amine afforded the 3-substituted-
4-0x0-3,4-dihydro-1H-ylidene-cyanamides 52. Scheme 23.
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0
R NH  R'CeHa(CHy)NH,
reflux, 1-5 h
R N/)\CI DMF
58

Scheme 24.

Table 6. Synthesis of aldose reductase pharmacophores 59

Entry R R! n Yield (%)
1 H H 1 83
2 H H 0 65
3 H 4'-OH 0 83
4 H 4'-COH 0 89
5 H 4'-SO;Na 0 57
6 H 3/-0H, 4'-CO,H 0 72
7 OMe H 1 87
8 OMe H 0 86
9 OMe 4'-CO,H 0 56
O
N _Ar A
r‘\l N A o
-N
- N 2
N
60
-0
c”
C‘E Lo
\
NH Ph
61
Scheme 25.

130 °C, the desired product 57 was obtained in 75% yield,
Scheme 23.

Millen et al. also applied this procedure in their study of key
pharmacophores 59 of aldose reductase, prepared from 58,
Scheme 24.*

The yields of 59 ranged from 56 to 87% depending on the
substitution pattern, Table 6.

2.11. 2-Arylquinazolinones from benzotriazin-4-ones

Smalley and co-workers prepared a range of quinazolin-
4(3H)-ones by the thermolysis of 3-arylideneamino-1,2,3-
benzotriazin-4-ones 60 in paraffin oil at 300 °C,
Scheme 25.* During the thermolysis process, a 1,3-
hydrogen shift occurs with subsequent loss of aryl cyanide,
which engages in a [4+2] cycloaddition with the imino-
ketene 61, leading to 2-aryl-quinazolinone 62 formation.
This procedure tolerates a variety of 2-aryl substituents and
the yields of 62 obtained ranged from 56 to 71%, Table 7.

2.12. Direct condensation of aldehydes and anthranila-
mide and its derivatives

Abdel-Jalil et al. reported that the condensation of aryl,
alkyl and heteroaryl aldehydes in refluxing ethanol in the

D. J. Connolly et al. / Tetrahedron 61 (2005) 10153—-10202

o}
R NH 1
R N//kNH(CHz)n/</:\>/R
59
n=0,1

presence of CuCl, generates a Schiff base intermediate 63,
which is, in turn, converted into the 2-substituted
quinazolinones 64a—g in excellent yields, Scheme 26,
Table 8.%

In a one-pot procedure, the aldehyde, anthranilamide and
3 equiv of CuCl, are refluxed in ethanol for 2-3 h. After
purification by chromatography, the 2-substituted quina-
zolinones 64a—g are isolated in 71-88% yield.

Although

the preparation of 4-substituted-4(3H)-

_0
O c* Ar

i »— L
N\N/J \N/

[4+2] 9
cycloaddition NH
N/)\Ar
62

Table 7. Synthesis of arylquinazolinones 62 from benzotriazin-4-ones

Entry Ar Yield (%)
1 0 .
MeQ
OMe
3 8 "
4 2 OMe 71
Me
Cl
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o
@NHZ RCHO, EtOH, 70°C
NH, 3h

63

Scheme 26.

Table 8. Condensation of aldehydes and anthranilamide to form
quinazolinones 64a—g

Product R Yield (%)*°
64a Me 82
64b Bu 88
64c Ph 84
64d p-CIC¢H, 79
64e p-MeOCgHy 85
64f 2-Thiophenyl 81
64¢g 2-Furyl 86

# Reaction times vary.
® All reactions listed carried out in ethanol.

quinazolinones has been reported before via condensation
of an aldehyde employing NaHSOs*" or DDQ,*® this
method has the advantage of a lower temperature, which
may prevent decomposition products from forming.

3. 3-Substituted-4-quinazolines

3.1. Vilsmeier reagent in quinazolinone synthesis

A novel dimerisation reaction to furnish 3-substituted-
4(3H)-quinazolinones in high yield was developed by
Perumal et al. by treating 5-substituted-2-aminobenzoic
acid derivatives 65 with the Vilsmeier reagent 66,
Scheme 27.*° This novel reaction occurred between 80
and 90 °C when two differently substituted acids were
reacted with a combination of DMF and POCl5. It was found
that no dimeric product was obtained after heating the
reaction mixture at 60 °C, even for prolonged periods of
time, prompting a study into the effect of the addition of
amines to the reaction mixture at low temperature. No
reaction occurred when a mixture of 65 and primary amine
was treated with the Vilsmeier reagent 66 at room tempera-
ture. It was found, however, that, if the Vilsmeier reagent
was added at 0 °C to 65 followed by the addition of the
suitably substituted primary amine at room temperature, the
corresponding quinazolinones were obtained in low yield.

It was proposed that the chloromethyleniminium salt 66
formed from DMF and POCI; reacts with the benzoic acid
65 to give the corresponding acid chloride 67, which, at high
temperature (Scheme 27, Route B), then reacts with a
molecule of 2-aminobenzoyl chloride. The diacid chloride
68 that is produced undergoes spontaneous cyclisation

O
L
N

L

10163
(0]
CuCl,, EtOH, 70°C NH
R
64a-g

followed by migration of the dimethylamino group to give
the product quinazoline 69 in good yields, Table 9.

When an external amine is added to the reaction mixture at
low temperature an alternative reaction pathway occurs
(Scheme 27, Route A). The added amine reacts with the acid
chloride 67 with subsequent loss of HCI followed by
cyclisation to produce the intermediate 70, which then
expels a dimethylamino group to afford the appropriately
substituted quinazolinone 71.

4. 4-Substituted quinazolines
X

~N

»

N

4.1. Derivatisation of 4(3H)-quinazolinones

The introduction of chlorine at the 4-position in the
quinazolinone skeleton can be achieved through the use of
POCI5>® or thionyl chloride.’’>* An alternative to using
POCI; was reported by Sugimoto et al.”®> This involves
chlorination with a phosphonium salt of N-chlorosuccini-
mide 72a, Scheme 28. Treatment of the quinazolinone with
this salt in refluxing dioxane for 4 h furnished 4-chloro-
quinazoline in 73% yield.

Bromination with the analogous phosphonium salt 72b
produced the 4-bromoquinazoline in 1 and 5% yield,
depending on the reaction time. The poor yield is proposed
to be due to the unstable nature of the product.

4-Chloroquinazolines, for example, compound 73, are
important synthetic intermediates as they can be derivatised
further through nucleophilic attack at the C-4 position. This
is illustrated in the synthesis of 74, an intermediate in the
synthesis of AX7593, a quinazoline-derived photoaffinity
probe for epithelial growth factor receptor (EGFR),
Scheme 29.>*

A thiomethyl substituent can also be used to activate the
4-position towards nucleophilic substitution.”> The for-
mation of a thiomethyl ether is achieved in two steps by
treating the corresponding quinazolinone 75 with
Lawesson’s reagent (P,Ss) to yield a quinazolinethione
76, Scheme 30. Subsequent lithiation and methylation lead
to the formation of the thioether 77, which can then be
treated with a nucleophile to give the 4-substituted
quinazoline 78.
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o)
R
OH
NH,
65
NM
°2 | oo
H>cl
66

| Cl
K/LN/% Q
Route A H ’\iMez R ¢ Route B
! 7
R'NH, 6 NH,
rt 90°C
R
R cocl R COC'Q
NHR' N
/k COClI
N™ “NMe, N NMe,
H H
68
-HCI HCI
0 R
R R o
N R
3/ T AN B
N ("NMe oy o)
W “ e, &
70 HC NMe;, CI
-NHMe, -HCl
R
o o
R .R R
N N
/) /) CONM
N N €2
R =H, Cl, Br, Me
71  R'=Ph, CgH4C, 6 R=H.Cl,
CeHaMe, C4H4OMe Br, Me
Scheme 27.
Table 9. Synthesis of quinazoline 69 using the Vilsmeier reagent 4.2. Reaction of anilines with 2-aminobenzonitrile
Entry R in 69 Yield (%) Recently, there has been a renewed interest in 4-arylamino-
1 H 83 quinazolines, owing to reports of their high biological
2 Cl 82 s . . 56 BT
3 Br %6 activity as potential antitumour agents.” The amidines 79
4 Me 50 are readily synthesised from the reaction of 2-aminobenzo-
nitrile with anilines and anhydrous aluminium chloride,
-+ -+
X X PH,Ph, X PH,Ph,
O« _N O N O N
72a X =Cl
72b X = Br

Scheme 28.
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o L
MeO\M HoN NH

HN/©\NH

2

oW A O
iPrOH, 95°C, 45 min, 97%
Bno” 7 N7 BnO N~
73 74
Scheme 29.
O S Table 10. Reaction of anilines with 2-aminobenzonitrile to form 4-
\N P,Ss, py, Reflux \N arylaminoquinazolines 80
NH NH
Q 16 h, 59% Q R Yield (%) R Yield (%)
N " ’ N T
H 82 3-1 92
75 2-Me 70 4-Me 84
2-Br 73 4-Cl1 92
Mel, KOH . 16 h, 54% 3-Me 84 4-Br 91
B MeOH, 20°C 3-Cl 90 3,4-(Me), 83
3-Br 92 3,4-(Cl), 92
\ NH \ SMe In May 2003, the US Food and Drug Administration (FDA)
N SN 3-BrCgH4NH;ClI N SN approved the first epidermal growth factor receptor
<\ ) iPrOH, reflux, 6 h, 85% <\ o inhibitor, Iressa, for the treatment of lung cancer, further
N N ’ T N N highlighting the importance of the 4-anilinoquinazolines in
78 medicine, Scheme 33.%°
Scheme 30.

Scheme 31.°7°% It was found that an optimal yield of
amidines 79 was obtained using an excess of the required
aniline and aluminium chloride. The formation of these
amidines is, however, limited by the aromatic substitution
pattern on the aniline. No reaction was observed with 3.4-
dichloroaniline or with nitroanilines, possibly due to the
reduced nucleophilicity of the amino group in each case.

NH,
o -CN N NHz A, Syl
\ + R+r Trano0non \ ¥
N _ 180-200°C R
2 NH,
79

Scheme 31.

The 2-amino-N-arylbenzamides 79 furnished the 4-aryl-
aminoquinazolines 80 in good yields (70-92%) when heated
with 85% formic acid, although the reaction can only be
applied to the synthesis of 2-unsubstituted 4-arylamino-
quinazolines, Scheme 32, Table 10. This route was later
modified to enable the preparation of 2-aryl-4-aminoquina-
zolines and will be detailed later in this review.

R H TR
NN 1. 85% HCO,H N
! 90°C, 2 h q
NH, 2. NaOH N
_J
NH, N
79 80

Scheme 32.

N_~_°0 XXIN
MeO N

Iressa

Scheme 33.
4.3. Reaction of anilines with 2-amidinobenzonitriles

Tsou et al. reported an efficient method for the synthesis of
4-anilinoquinazolines. 5-Nitroanthranilonitrile 81 was con-
densed with DMF acetal to yield 82.°° Heating this
compound with 3-bromoaniline in acetic acid yielded the
desired quinazoline 83 in excellent yield, Scheme 34.

An advantage of this approach is the formation of the
quinazoline ring and the incorporation of the 4-anilino
group in the one step.

Yoon et al. reported the reaction of N,N-dimethylamidino-
benzamide 84 with benzylamine 85 to give 4-aminoquina-
zoline 86 under the conditions of microwave (MW)
irradiation, Scheme 35.°

4.4. Palladium-mediated approach

Watanabe et al. have developed a novel palladium complex-
catalysed synthesis of quinazoline derivatives by employing
an intermolecular reductive N-heterocyclisation.®* A
palladium complex of PdCl,(PPh;), with MoCls showed
high catalytic activity for the N-heterocyclisation of
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O:N CN DMF acetal, 100°C
98%
NH,

O,N C[CN

N
N NMe,

81 82
3-BrCgH4NH,, AcOH, reflux
89%
HNQBr
O,N SN
N/)
83
Scheme 34.
Cl_~ ‘
NS
NH
HoN
E 2 F
@:CN . cl ACN, AcOH S )N
SN MW, 160°C, 10 min Vil
\ 93%
84 85 86
Scheme 35.

2-nitrophenyl ketones 87 with formamide 88 to afford the
corresponding 4-substituted quinazolines 89, Scheme 36.

R R
PdCly(PPh3),
o  HWN__H  yoc SN
+ hig > J
N02 0O CcO N/
87 88 89
R = H, Me, Et, OMe
Scheme 36.

In the absence of the palladium complex, 2-nitrobenzal-
dehyde 90 reacted with formamide to give the correspond-
ing N-[1-formylamino-1-(2-nitro-phenyl)-methyl]-
formamide 91, Scheme 37.

H H

NHCHO
O HxN__H nocat. H,O
+ T - . NHCHO + R2
NO, o NO,
90 91
Scheme 37.

When formamide 91 was treated in the presence of the
catalyst under CO pressure at 100°C for 16h, the
quinazoline 92 was produced in 29% yield, Scheme 38.
This suggests that N-[1-formylamino-1-(2-nitro-phenyl)-
methyl]-formamide is a possible intermediate in the
reductive N-heterocyclisation.

H
NHCHO  pqcl,(PPh,),
N
©\/YNHCHO MOCls (j\A )N + HoNCHO
i ~
NO, co N
91 92
Scheme 38.

The suggested mechanism for this process begins with the
carbonyl group of the 2-nitrophenyl ketone 87 condensing
with the formamide 88 to give the corresponding bisamide
93, Scheme 39. A nitrene intermediate 94 is generated by
deoxygenation of the nitro group with carbon monoxide. It
is proposed that the Lewis acidic MoCls coordinates to the
oxygen atoms of the nitro group, weakening the N-O bond
and thereby facilitating the deoxygenation process. An
intramolecular nucleophilic addition of the nitrene to the
carbonyl group of the bisamide follows to generate the
metallacyclic intermediate 95, which subsequently under-
goes decarboxylation. Finally, the reductive elimination of



D. J. Connolly et al. / Tetrahedron 61 (2005) 1015310202 10167

R R
2 @
~
N Z>No,
89 87
H2NTH
H,NCHO o) H,0
88
R NHCH
NHeHo R__NHCHO
N-H
©\) B ©/\NHCHO
N /\N02
96 93
CO,
[Pd]-CO 2C0
R _NHCHO
R_NHCHO
©( NH NHCHO
N*o N
\ | Pd .
Pd-C, co
95 94
Scheme 39.

the 3,4-dihydro-4-(N-formylamino)quinazoline 96 regener-
ates the active catalyst and dehydroamidation of 96
furnishes the desired quinazoline 89.

This novel route to biologically important compounds
represents the first transition-metal-complex-catalysed
intermolecular reductive N-heterocyclisation and offers a
new synthetic method for preparing quinazoline derivatives,
albeit in moderate yields (19-44%), Table 11.

Table 11. Reductive N-heterocyclisation of 2-nitrophenyl ketones 87 to
form quinazoline derivatives 89

Entry Substrate 87 Product 89 Yield
(%)
Me Me
1 0] N 44
J
NO, N
Me Me
M Me
NO, N~
Et Et
3 0] SN 19
J
NO, N
OMe OH

4 0] ~N 40
B
NO, N

5. 2,3-Disubstituted-4(3H)-quinazolines

5.1. Combinatorial approach to quinazolinones

Houghten et al. developed a novel, traceless and chemo-
selective approach for the solid-phase synthesis of 2-aryl-
amino-substituted quinazolinones with the possibility of
manipulation at three positions.®> Starting from the
p-methyl benzhydryl amine (MBHA) resin 97, a specific
o-nitrobenzoic acid was attached and the aromatic nitro
group was then reduced with tin(II) chloride to furnish the
required o-aniline 98, Scheme 40. The resin was dried and
subsequently reacted with an appropriate aryl isothio-
cyanate and the resin-bound thiourea 99 was reacted with
Mukaiyama’s reagent (2-chloro-1-methylpyridinium
iodide). A primary amine was added at room temperature
to generate the corresponding guanidine 100 and the desired
2-amino-substituted quinazoline was obtained via an
intramolecular cyclisation. This was followed by cleavage
from the resin using hydrofluoric acid at 0 °C for 1.5 h to
give the product quinazoline 101 in good yield and purity,
Table 12.

This method demonstrates a traceless approach for the
parallel solid-phase synthesis of o-arylamino-substituted
quinazolines from common materials such as 2-nitrobenzoic
acid derivatives (Rl), aryl isocyanates (Rz) and amines (R3).

The literature on solid-phase approaches to quinazolines
and quinazolinones has recently been reviewed by Vogtle
and Marzinzik.®*

5.2. Intramolecular coupling of azides to carbonyl
groups

A mild and efficient route for the synthesis of fused [2,1-b]
quinazolinones was reported by Kamal and co-workers.®
The procedure employs an intermolecular azido-reductive
cyclisation in the preparation of the pyrrolo[2,1-b]quinazo-
linone ring system 102, Scheme 41, Table 13. This was
exploited in the synthesis of deoxyvasicinone, a precursor
for vasicinone, a known bronchodilater.*®

The FeCls/Nal combination had not previously been
investigated for the reduction of the azide functionality
and the role of Nal could be attributed to the in situ
formation of Fels. In addition, the use of excess Nal appears
to be crucial for high conversions. This new reductive
cyclisation method affords an alternative route towards the
preparation of these pharmacologically important fused
quinazolinones 102 in high yields (85-97%).

The synthesis of optically active /-vasicinone, a known
pyrrolo[2,1-b]-quinazolinone alkaloid, was undertaken by
Eguchi et al. employing the intramolecular aza-Wittig
reaction as the key step in the construction of the
quinazolinone ring skeleton, Scheme 42.%’
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R'CgH3(NO,-2)CONH, D N N,O
NH DIC, HOBT XN N SnCl, R1E
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|/ H
NO,

DMF DMF NH,
97 98
i 1O
X Mukai ' 'R N
R1-C N ukaiyama's R'—+ H
R2CgH4NCS L NHH reagent ZSNH
2
CH,Cl, R, s R°NH, R4 =N _,
99 100
0}
R3
HF, 0°C A i
L G
N N
H
101
Scheme 40.
Table 12. Combinatorial production of quinazolines 101 Staudinger'ir.ltram()le(fular azg-Wittig reaCt.ion’ furnishing
1 2 . . o-tert-butyldimethylsilyl vasicinone 105 in 76% yield.
Entry R R R f(;fldqof, Finally, deprotection of the silyl ether by tetra-n-butyl-
(%) ammonium fluoride (TBAF) enabled the preparation of
1 H 2-Cl, 4-NO, i-Bu 86 [-vasicinone in 52% overall yield with a 97% ee.
2 H 4-NO, (Me),CHCH,CH,CH, 89
3 H 2,3-Cl i-B 83 . .
4 H 3.0l ;-BE 91 Repgntly He.rnandez et a}l. reported thf: use Qf an Egu?hl aza-
5 H 4-CN i-Bu 388 Wittig reaction to fashion the 2,3-disubstituted quinazoli-
6 H H i-Bu 86 none skeleton in the course of a synthesis of analogues of
7 H 4-NO, PhCH,CH,CH, 85 N-acetylardeemin, a multidrug resistance reversal agent.®®
8 H 4-NO, Me(CH,)4,CH, 88
9 5-MeO 4-NO, (Me),CHCH,CH,CH, 85
10 5-Pyridyl 3,5-Cl Me(CH,),CH, 86
11 5-Pyridyl 4-NO, Me(CH,),CH, 88

# Based on weight of crude material (relative to the initial loading of the
resin).

The synthesis of /-vasicinone was initiated by protection of
the chiral synthon, (3S5)-3-hydroxy-y-lactam with fert-
butyldimethylsilyl chloride, followed by condensation
with o-azidobenzoyl chloride 103 using sodium hydride in
tetrahydrofuran. The intermediate 104 was treated with tri-
n-butylphosphine, which, in turn, initiated the tandem

N-acetylardeemin

0] O
o
— —
N NQ
OH
deoxyvasicinone vasicinone
0 (0]
1 1
R N (CHyp), FeCly/Nal R N/\( Chy)
_ 2)n
R2 N3 & MeCN R? N/)\/

Scheme 41.

102
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Table 13. Synthesis of quinazolinones 102 via intermolecular azido-

reductive cyclisation

10169

5.3. Formation of pyrrole-based quinazolinones from
benzodiazepines

Entry R! R? n Yield of 102
(%) The medicinal research of Fabis et al. showed that the
1 H H 1 97 aromatic system of pyrrolo[2,1-c][1,4]benzodiazopine was
2 Me H 1 97 reactive towards nucleophiles, leading to the formation of
3 H Cl 1 96 quinazolines as rearrangement products.®® Heating the
g I\I/I{e g g gg 2-hydroxypyrrolo[2,1-c][1,4]benzodiazepine with thionyl
6 H Cl 2 85 chloride 106 in the presence of pyridine gave the 11-
7 H H 3 95 chloropyrrolo[2,1-c][1,4]benzodiazepine 107 in 70% yield,
g I‘I’[{e (Ij{l g 3‘6‘ Scheme 43. This represents a straightforward method for the
synthesis of aromatic pyrrolo[2,1-c][1,4]benzodiazepines. It
(0]
OTBDMS
o HN\b’ n-BusP
0] \i\//OTBDMS toluene
N NaH, THF rt, 1h
3 0°Ctort 2 h, reflux
103 sh 76%
83%
)
TBAF, THF 9
CL == i
N 15h N
OTBDMS 82% OH
105 l-vasicinone
Scheme 42.
Q became apparent that the double reactivity of such
N SOCl,/pyridine compounds at the carbonylpyrrole bond and at the
reflux. 2 h chloroimine moiety would be useful in accessing
H ’ . . . .
N the quinazolinone skeleton. This was exemplified by the
H O addition of hydrazine to furnish the desired 3-amino-2-(1H-
106 pyrrol-2-y1)-4(3H)-quinazolinone 108 in a respectable 60%
yield.
NH,NH,, H,0
EtOH, rt 5.4. Formation of 2,3-disubstituted quinazolinones from
60% benzoxazepinediones
Uskokovic et al. reported the synthesis of 2-(a-hydroxy-
alkyl)-3-N-methylquinazolinones 109 from 4,1-benzox-
Scheme 43. azepine-2,5(1H,3H)-diones 110.”° Commencing with
y
R' cl R o OH
\ N 3 NMK 2
N R2 DMF ‘ AN R2 R NHQ, MeOH ‘ X \‘ R
©( o reflux, 3 h Z (o] = N‘R3
COOH 4 o
111 110 109
R'=R?= R'=R?= R?=R’=
R'=Me; R?=H R'=Me; R = H R%=H: R® = Me
R'=Me; R* = H R'=Me; R* = H R2=Me: R®= H
R'=R?=Me R'=R%=Me R2=R3 = Me

Scheme 44.

R?=H; R® = NH,
R?=Me; R® = NH,
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Q (PPh3),PdCl,
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N N
i tt, 16 h
112
Cul [e)
K,CO3
BuyNBr | N NHAr'
ACN ZaNe N
N™X.
80°C, 24 h ) XA
114
Scheme 45.

Table 14. Synthesis of quinazolinones 115 via copper-catalysed cyclisation

Entry R Ar Disubsti-  Quinazo-
tuted linones

alkynes 115 (%)
113 (%)

1 Me 2-MCC6H4 76 67

2 Me 2-Thienyl 75 61

3 Me 2,4-Dimethoxypyrimidin-5-yl 79 65

4 Me 2-MeCO,CeHy 90 69

5 Bn 2-MeCgHy 72 63

6 Bn 2-Thienyl 73 67

7 Bn 2,4-Dimethoxypyrimidin-5-yl 91 62

8 Bn 2-MeCO,CgHy 89 61

anthranilic acid, amidation proceeds in excellent yield,
Scheme 44. Ring closure of 111 to form the benzoxazepines
was achieved by heating to reflux in DMF for 3 h, giving
110 in acceptable yield. The formation of 109 was achieved
in methanolic solution in the presence of methylamine over
1 week.

5.5. Quinazolinones via copper-catalysed cyclisation

Kundu and Chaudhuri developed a novel copper-catalysed
heteroannulation to (E)-2-(2-arylvinyl)quinazolinones from
alkynes.”" A series of 2-[N-alkyl(benzyl)-N-(prop-2'-ynyl]
aminobenzamides 112 reacted with aryl iodides under
palladium—copper catalysis to yield the disubstituted
alkynes 113. The alkynes subsequently underwent a highly
regio- and stereoselective cyclisation in the presence of Cul,
K,COj3 and n-BuyNBr in acetonitrile to furnish the required
quinazolinones in good yields, Scheme 45, Table 14. The
conversion of the alkynyl-aminobenzamides into the
disubstituted alkynes occurred via a Sonogashira—Hagihara

0o LA

‘ X
EWG--
=

CH,Cl,
117

Scheme 46.
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o
Ny ONHAF

(0]
N/Ar' AI"=§4< :%Me
L H

N

R

Ar
115

coupling, followed by a rearrangement to the allene
intermediates 114. The amide nitrogen partakes in nucleo-
philic attack on the terminal carbon of the allene with
concomitant ring closure to give the substituted quinazoline
derivatives 115 with predominant E-stereochemistry at the
vinylic group.

This is the first reported synthesis of quinazolinones
employing a copper-catalysed cyclisation. The method is
very mild, requires inexpensive starting materials and is
experimentally undemanding.

5.6. Synthesis of fluorinated quinazolinones

Smith et al. have developed a one-step synthesis of 4(3H)-
quinazolinones 116 by employing 2-fluoro-substituted
benzoyl chlorides 117 and 2-amino-N-heterocycles 118 in
a cyclocondensation, Scheme 46.> The quinazolinone
precipitates immediately after treatment of a dichloro-
methane solution containing the required heterocycle and
diisopropylethylamine with the acyl chloride at room
temperature. The yields are, however, low to moderate,
and in most cases, the major products are the corresponding
amides 119, Scheme 46, Table 15.

The experimental results reveal that, as the number of
fluorines on the benzoyl chloride decreases, the isolated
yields of the cyclised product also decrease. The introduc-
tion of a nitro group at the 5-position enables the ring
closure to occur more efficiently, due to the ability of the
p-nitro group to promote the nucleophilic aromatic
substitution reaction. The most plausible mechanism for
quinazolinone formation is initial nucleophilic attack of the
ring nitrogen on the benzoyl chloride followed by

H,N Q Q /f"@
cl 118 X N N N
PrEN EWG P //Q + EWGqH- P H
F Ira N F
119

116
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Table 15. Reaction of acyl chlorides 117 with 2-amino-N-heterocycles 118
to form fluorinated quinazolinones 116

Entry Acyl chloride 117 2-Amino-N-heterocycle 118  Yield
of 116

(%)

40

M M
m M
(@] il (@)
(@)
T
N
>
% =z
=z
N //\

)
(@)}
b=z
W

\

/
o
o
=z
W

\

M ::O
a
N
-
W

(0] NTX
O,N L
5 2 \dk0| H,N N 36
F
(0] NTX
O,N |
F
F O NN
F Cl ~
7 HoN JN/\/ 10
F F N=
F
F O N
- D
Cl H,N S
8 20
F F
F
F O
e S
? H,NT S 30
F F
F

intramolecular nucleophilic substitution of the 2-fluoro
substituent. This proposed mechanism is supported by the
fact that the ring nitrogen is the most nucleophilic atom in
2-aminopyrimidine.”?

5.7. 2,3-Disubstituted quinazolinones via benzoxazinones
and benzoxazadiones

Benzoxazinones and benzoxazadiones are common inter-
mediates in the synthesis of 2,3-disubstituted quinazoli-
nones. Parkdnyi and Schmidt’* prepared 2,3-disubstituted-
quinazolines from chloro-substituted anthranilic acids and
acetic anhydride in a study similar to the work of Jiang et al.
described in Section 2.1."° The intermediate (4H)-3,1-
benzoxazinones such as 120 were then reacted with amino-

substituted thiazoles 121a and a 1,3,4-thiadiazole derivative
121b to afford the desired products 122 and 123 in moderate
to good yields, Scheme 47, Table 16.

0O Ss—Me
N
s— Me )\
» Nl
S

w

S 122
0
CL
RN
120

S
e .

&) —
7/ o S
oy 6 PN >
| N N N
NN
123

Scheme 47.

Table 16. Synthesis of quinazolinones 122 and 123

Entry Substituents Yield (%)
1 5-CI1-3-(5-MT) 55
2 6-CI1-3-(5-MT) 42
3 7-Cl-3-(5-MT) 29
4 6,8-Cl,-3-(5-MT) 39
5 7-C1-3-(4-MT) 47
6 6,8-Cl,-3-(4-MT) 51
7 7-C1-3-(5-ETD) 52
8 6,8-Cl,-3-(5-ETD) 38

5-MT =5-methylthiazol-2-yl, 4-MT =4-methylthiazol-2-yl, 5-ETD=>5-
ethyl-1,3,4-thiadiazol-2-yl.

A similar approach was taken by Kumar et al. in their
synthesis of the novel 2,3-disubstituted quinazolinone 125
from 120 and 124, Scheme 48.”

It is possible to introduce an acyclic N-substituent using this
method as demonstrated by Zhou et al. for a range of
sulfonamides 128 (88 in total) from 126 and 127 with a
variety of substitution patterns, Scheme 49, Table 17.76

During the course of investigating this reaction, some open-
chain product 129 was isolated, Scheme 50. In order to test
the hypothesis that this reaction proceeded via an open-
chain intermediate, equivalent amounts of 130 and
benzenesulfonylhydrazide 131 were dissolved in anhydrous
DMEF. The mixture was stirred at room temperature for 22 h,
affording 129 and 5% of the cyclised product 132. Heating
this mixture subsequently furnished 132 in 78% yield
following chromatographic purification, supporting the idea
of an acyclic intermediate.

Xue et al. reported the optimisation of Grimmel’s conditions
for generating C,,N;s-disubstituted-4-quinazolinones.””"”®
Using Grimmel’s methodology, N-acetylanthranilic acids
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o HoN
A7 N
N~ "Me H
120 124
Scheme 48.
(6]
- 0
0 + R*-S-NHNH,
N/)\ R1
126 127
Scheme 49.

Table 17. Synthesis of 3-sulfonamide-substituted quinazolines 128"

0
o
10h Me
N~ Me

125
O
o .
1307C, 30 min F. N/N\SOZRZ
= R1
128

Entry R? R! (% yield)®
Phenethyl Bn Ph 2-Thiophene-
methylene

1 4-CO,H-Ph 98 81 67 99
2 4-NHCOMe-Ph 99 94 58 99
3 4-OCF;-Ph 96 90 81 74
4 3,4-Di-Cl-Ph 83 85 40 29
5 4-CF;-Ph 90 92 87 45
6 4-CN-Ph 90 88 51 73
7 4-Cl-Ph 90 90 68 49
8 Bn 82 96 45 79
9 3-NO,-4-Cl-Ph 92 89 55 24
10 3-CO,H-Ph 99 98 98 83
11 5'-(N-Thiophen-2-yl-methyl-benzamide) 83 72 37 51
12 4-i-Pr-Ph 86 76 64 32
13 4-OMe-Ph 85 90 73 71
14 3,4-Di-F-Ph 92 89 98 75
15 2-Cl-Ph 95 70 60 80
16 3,4-Di-OMe-Ph 86 69 90 63
17 3,5-Di-Cl-Ph 95 92 53 50
18 4-F-Ph 95 98 99 78
19 4-NO,-Ph 95 81 99 97
20 4-1-Bu 92 82 44 50
21 2,4-Di-Cl-5-Me-Ph 57 17 26 <5
22 2,4-Di-Cl-Ph <5 8 15 52

* All of the products <90% pure by ELSD were purified by reverse-phase HPLC in automated fashion using Waters MS-triggered purification system using

ACN and H,O as eluting solvent.

® The yields are estimated by HPLC (ELSD) from LC-MS results of the reaction mixture before HPLC purification.

such as 133 are heated with anilines in toluene or xylene in
the presence of dehydrating agents such as phosphorous
trichloride, phosphorous oxychloride or thionyl chloride to
yield 134, Scheme 51.

In Grimmel’s original paper, no trace of 135 was observed
when N-acetoxyacetylanthranilic acid and aniline were

0 NHNH,
0=5=0  pwmF

rt, 22 h

130 131

Scheme 50.

refluxed together in the presence of 0.34 equiv of PCl;,
Scheme 52.

When the same methodology was applied to o-chloroaniline
136 and carboxylic acid 137, however, a small amount of
138 (10%) was observed. Subsequent experimentation led
to the isolation of 139, which was proposed as being a

0]
N

0
FOfKNHNH ) FO\)kN,NHSOZPh
Ph
no SO N/)\Ph

Ao

129 132

Ph
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toluene, reflux, 2 h
(0} 80%

133

Scheme 51.
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Et\O)iéjMOH ©i0| PCls, toluene, reflux
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Scheme 52.
137
Scheme 53.
O

OH QMe reflux 0
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NH, :
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Scheme 54.

Scheme 55.

plausible intermediate in the formation of the quinazolinone
product, Scheme 53.

By changing both the solvent and the temperature used,
yields from 87 to 98% for a range of quinazolinones were
obtained in polar aprotic solvents.

Virgil and Dai reported the synthesis of 2-hetero-substituted
atropisomeric quinazolinone phosphine ligands in good
yields.”” The synthesis of the 2-unsubstituted ligand was
initiated by the formation of (4H)-3,1-benzoxazin-4-one
140 via the condensation of anthranilic acid 12 with
trimethyl orthoester, Scheme 54.

After removal of the excess orthoester, the crude product
was mixed with aminophosphine in toluene and sub-
sequently heated to reflux for 6 h to afford the quinazolinone
141 in 88% yield, Scheme 55.

By direct lithiation of the 2-unsubstituted quinazolinone
system 141 it was possible to carry out a range of
electrophilic substitutions, Scheme 56. Electrophiles such
as chlorodiphenylphosphine, solid sulfur and dimethyl

NH,

136

139

disulfide were added at —78 °C to furnish a new series of
quinazolinone-based ligands. This concise one-pot syn-
thesis allows efficient access to a new class of P-S and P-P
chelate atropisomeric ligands 142.

An earlier procedure implemented by Virgil and co-workers
focused on the synthesis of monodentate atropisomeric
ligands for asymmetric catalysis. This was based on the
reaction of phosphoanilines 143 with N-acetyl anthranilic
acid 144 and employed benzenesulfonyl chloride as the
coupling agent, Scheme 57.%°

Me Me
O
toluene
—_—
PPh,
reflux N/ H
141
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1 2
R R2 co.q  PhsOxCl \
@: 2 DMAP N
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HoN NHAc  CeHe. Py . PPy
0 N Me
PPh, 80°C
143 144 R'=H, R?=H, 65%
R'=CH; R®=H, 77%
R'=R? = Me, 70%
Scheme 57.
O CONHAr
coon Ac,0 X7 o ArNH,, MW CE
r )
X © L2 : N“
NHCOBn MW Z SN Nen PN
(0] Bn
146 145 147b
Ar = 2-CF3CGH4
Ar'NH, 2-FCeHq
MW
(6]
JAr Ar' = 3-CF3C6H4
J“\ 3-FCgH,
N/ Bn 3-CF3
4-CICgH,
1473 2-CF3CGH4
2-FCgH,
4-FCgH,
Scheme 58.
Both of these methods allow access to the desired
NH quinazolinones in good yields and the method is amenable
. 81
N CN N to efficient scale up.
N ST NH
o} NJ Dandia et al. reported the synthesis of fluorinated 2,3-
NH,(CH3),NH; . i . . .
) o disubstituted quinazoline-4(3H)ones 147 under microwave
conditions.?? The intermediate benzoxazin-4-one 145 was
149 148 synthesised in situ by reacting the anthranilamide derivative
146 with acetic anhydride, Scheme 58. meta- and para-
Scheme 59. substituted anilines gave 2,3-disubstituted quinazolinone
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< | Pd(OAC), Qo
+ N—-— /R1 + Lpf» N/R
RN " THF, K,CO,4 o
NH, (300 pSi)  100°C. 24 h N~ >NHR
150 151 152
R=CN, H, Me
Cl, OH

Scheme 60.

Table 18. Synthesis of 2-amino-4(3H)-quinazolinones 152 from iodo-
anilines 150 and carbodiimides 151

Entry R R! Isolated yield of 152 (%)
1 H 4-CIC¢H, 75
2 H 4-BrCeH, 73
3 H Cy 0
4 H Ph 64
5 H 4-MeCeHy 0

 Purified by silica gel chromatography.

products 147a in good yield, whereas ortho-substituted
anilines produced only 147b.

Proceeding via a benzoxazine does not, however, guarantee
that a 2,3-disubstituted quinazolinone will be obtained. de
Fatima Pereira et al. disclosed that efforts to produce 148 via
149 failed, Scheme 59.*

In spite of these limitations, it is clear from the numerous
examples cited that this is an important intermediate in the
synthesis of 2,3-disubstituted quinazolinones and provides
access to unusual substitution patterns in the final products.

5.8. Quinazolinone derivatives via palladium-catalysed
cyclocarbonylation

Larksarp and Alper developed a palladium acetate/
diphenylphosphinoferrocene (dppf) catalyst system for the
cyclocarbonylation of o-iodoanilines 150 with hetero-
cumulenes 151 to afford the corresponding 4(3H)-quinazo-
linone derivatives 152, Scheme 60.%* Carbodiimides and
ketenimines were employed in this convenient synthesis and
the reactions were conducted at 100 °C for 24 h under
carbon monoxide pressure, Table 18.

2-Amino-4(3H)-quinazolinones were accessed in moderate
to good yields by employing carbodiimide 151 under the
conditions described. The reaction was found to tolerate
both nitrile and hydroxyl functional groups on the
o-iodoanilines. Only starting material was, however,
recovered when carbodiimides bearing electron-donating
substituents were used.

A possible mechanism for the palladium-catalysed cyclo-
carbonylation reaction of o-iodoanilines with carbodiimides
is outlined in Scheme 61. The initial reaction of the
o-iodoanilines 150 with carbodiimides 151 produces a
guanidine intermediate 153, followed by oxidative addition

R | R!
\CE o N== .
NH, R

150 151
®) base.HI
R NR'
N/&NR1
H
156
base
0
R R,
1
NR
N
H
155

Scheme 61.

Pd(OAc), + nL

RO
1
N)\\N/R
H
153

Pd(O)L,

R PdL,
| NHR'

NTS\R!

154

Cco
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R | R1 RZ
+ N::<
NH, R3

150 157

R=CN, H, Me
Cl, OH

Scheme 62.

Table 19. Syntheis of 2-alkyl-4(3H)-quinazolinones 158 from ketenimines 157

Pd(OAc), 1
dppf R N/R
THF, KzCO3 N/)\rRZ

100°C, 24 h

Entry R R'N=C=C(R)*(R)’ Isolated yield of 158 (%)*
1 H PhN=C=C(Me)(CO,E) 98
2 H "BuN=C=C(Me)(CO,E) 72
3 H PhN=C=C(Me)(COPh) 95
4 H PhN=C=C(CO,Et), 71
5 cl p-TolyIN=C=C(Ph), 0

# Purified by chromatography.

of the palladium catalyst into the C-I bond to give 154.
There is also the possibility of coordination between the
NHR' moiety and palladium in the aroylpalladium
intermediate 155, and subsequent reductive elimination
would result in the formation of the desired quinazoline
derivative. The 4(3H)-quinazolinone-2-imine intermediate
156 formed rearranges to give the more stable 2-amino-
4(3H)-quinazolinone 152.

A further extension of this methodology used ketenimines
157 rather than carbodiimides in the reaction with
o-iodoanilines 150 and CO, Scheme 62. An equimolar
amount of the ketenimine was employed under a carbon
monoxide pressure of 300 psi using Pd(OAc), and dppf
catalysis to afford the 2-alkyl-4(3H)-quinazolinones 158 in
good to excellent yields, Table 19.

The success of the reaction was, however, dependent on the
substitution pattern of the ketenimine employed and
ketenimines substituted with multiple aromatic groups did
not react with o-iodoaniline.

The mechanism of the reaction proceeds in a similar manner
to that described for carbodiimides. It is now possible,
however, to form two amidine intermediates from the
reaction of o-iodoaniline with the ketenimine, Scheme 63.

By a process of oxidative addition and carbonyl insertion,
intermediate 159 is formed, Scheme 63. This is followed by
subsequent coordination of the amine to palladium with
reductive elimination to afford 160. This intermediate
rearranges to give the more stable 2-alkyl-4(3H)-quinazo-
linone 161. An alternative route to this compound may
involve oxidative addition and carbonyl insertion to afford
162 followed by a base-catalysed intramolecular
cyclisation.

5.9. Bis(imidoyl)chlorides for quinazoline formation

The reaction of anthranilic acids 163 with oxalic acid-
bis(imidoyl)chlorides 164 to prepare quinazolinones 165
was detailed by Langer and Doring.®® From their studies,

moderate to good yields were achieved with reaction times
of 3 days at 60 °C, Scheme 64, Table 20.

The functionalised anthranilic acid 163 reacts as a
dinucleophile with the bis(imidoyl)chloride 164 to generate
a seven-membered ring and cleavage of the corresponding
lactone 166 forms the intermediate 167. An intramolecular
prototropic shift followed by nucleophilic attack of the

“N= :<

T
R? 1
NJ\( \CE JEVRZ

l Pd(0)L,, CO

0 |
R b Pd(0)L,,, CO
NHR )
N/A\(R O Ly
H R R 4|
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Scheme 63.
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Scheme 64.

Table 20. Reaction of anthranilic acids with bis(imidoyl)chlorides to form
quinazolinones 165

10177
o}
2 equiv. NEt, R? N-R
toluene 2 /)\fo
60°C R N
-Nip3

amidine nitrogen on the ketene yields the quinazolinone
skeleton 165. Interestingly, the regioselective cyclisation
proceeded to give the more thermodynamically stable six-

Entry R' R? R’ Yield of membered ring by reaction of the more nucleophilic
165 (%) amidine nitrogen.
1 H H Ph 62
2 H H 4-(Me)CeH,4 60 In an effort to improve the chemical yield, an ester
3 Me H 4-(Me)CeH, 4 derivative of the anthranilic acid 168 was employed. A
4 H OMe 4-(Me)CeH, 50 ) . . h btained in th
5 Me u 4-(MeO)CgH, 61 complex reaction mixture was, however, obtained in the
6 H OMe 4-(MeO)CeH, 68 stoichiometric reaction of the anthranilic ester with the
7 H H 4-(Bu)CeH, 42 bis(phenylimidoyl)chloride 164. An interesting reaction
occurred when 2 equiv of the ester 168 were used, as this
0 0}
2 . 2 R3
R OMe R3—l\i Cl 2equivNEt; R " R’ )
+ \ toluene, 2 Z N R
R? NH, cl N-R® reflux R 1 N/\r/
R1 R 3N 2
R R
168 164 o
169
via
R2 CO,Me
NHR® R’
R? N’\(N R?
R'  R°HN
RZ
MeOzC
Scheme 65.

Table 21. Reaction of anthranilic acid esters with bis(imidoyl)chlorides to
form 2,2'-bis-quinazolin-4-ones 169

Entry R! R? R? Yield of
169 (%)

1 H H Ph 32

2 H OMe Ph 40

3 H H 4-(Me)CeH, 38

4 H H 4-(MeO)CeH, 41

5 Me H 4-(MeO)CeH, 53

6 H OMe 4-(MeO)CeHy 60

resulted in the formation of the 2,2’-bis-quinazolin-4-ones
169 in reasonable yields after extended reaction times in
refluxing toluene, Scheme 65, Table 21.

The formation of 2,2'-bis-quinazolin-4-ones 169 was
rationalised by the condensation of two molecules of the
anthranilic ester with the bis(imidoyl)chloride, with the
ensuing two-fold cyclisation by attack of the amidine
nitrogen atoms on the ester groups. Due to steric interaction
between the R aryl groups and the quinazolin-4-one rings,
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Q-oH Qo SnCl,/NMP/EtOH
DIC/HOAtDMAP NO,
3 t, 16 h
NMP, rt, 16 h
NMP, rt, 16 h

NO,
1. CQ(CI
Qo

>—<: :%NHZ ©
o} 2. SnCIy/NMP/EtOH, rt, 16 h

07

@)
Q-0
aUa
o} HoN
171

3. R—-0— AcOH/NMP, 30°C, 16 h

Oi
172

4. 95% TFA/H,O, rt, 1 h

Scheme 66.

the rotation around the central carbon—carbon bond is
severely restricted.

This procedure represents an efficient synthesis of the
biologically relevant quinazolin-4-ones and also enables a
new type of dimeric N-heterocyclic system to be prepared.

5.10. Reaction of polymer-bound anthranilamides with
orthoformates

Makino et al. synthesised a series of quinazolinones 170 by
cyclocondensation of anthranilamides 171 on solid supports
with a variety of orthoformates 172, Scheme 66.%° The
reactions proceeded smoothly under mildly acidic con-
ditions and the products obtained exhibited excellent purity.

In this procedure, implemented by Makino, a surface-
grafted polymer, Synphase™ Lanterns, with a long-chain
hydroxymethyl phenoxy linker was employed. Since the
reaction with carboxylic acids did not proceed smoothly on

O
@2 ~ 3O
o) H,N

KMnO4

O

r 4
H
A

ol
H-0 —
N Y
0 =N
R
170
R =H, Me, Pr, Bu, Ph, Et, OMe

the solid phase, orthoformates were applied as carboxylic
acid equivalents in the cyclocondensation. The reaction
proceeded well with acetic acid and N-methyl-pyrrolidone
(NMP). This strategy worked for both alkyl and aryl
orthoformates with yields of around 70% based on
theoretical loading weights of the target molecules. An
advantageous feature of this method is that molecules with
functional groups such as alkenes can be synthesised
without problems under the mildly acidic conditions
employed. Although the route is limited by the commercial
availability of the orthoformates, it is superior to the solid-
phase synthesis reported by Zhang et al.®’

In Zhang’s procedure, reagents with a lower oxidation state
than orthoformates were employed. An oxidation step was,
however, required and the products obtained were not of
high purity, Scheme 67. This method is effective for the
preparation of 2-alkyl- and 2-aryl-3-substituted-quinazoli-
nones 173, but it is not applicable to the synthesis of
molecules that are susceptible to oxidation.

(}Z}—@Ntw@

Scheme 67.

0}
GO R = n-Bu, CH,Bn
>_< >N A
o} =N
R

173
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0
Ccl +.S. CO,Me
OMe 57N 2 equiv. py
+ \ / _— B S\S
NH, o o CHLCM N?N
50 176 Cl
Q - 175
RNH, &N/
THF N/)\CN
174
Scheme 68.

Table 22. Preparation of 3-substituted 2-cyano-quinazolinones 174 using
Appel’s salt
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5.11. Preparation of 2,3-disubstituted quinazolinones
using Appel’s salt

Kim et al. developed a facile synthesis of 3-substituted
2-cyano-4(3H)-quinazolinones 174 by the reaction of
primary alkylamines with intermediate 175.%% The latter
was prepared in 50% yield by the reaction of methyl
anthranilate 50 with 4,5-dichloro-1,2,3-dithiazolium
chloride (Appel’s salt) 176 in the presence of pyridine,
Scheme 68. The 3-alkyl-2-cyano-4(3H)-quinazolinones 174
were furnished in moderate to good yields, Table 22.

The cyano group of the 3-methyl-2-cyano-4(3H)quinazoli-
none 174 (R=Me) can be readily displaced by various
nucleophiles to give the corresponding 2-substituted
analogues in good to excellent yields. This allows a rapid
and efficient synthesis of new quinazoline systems and the
results obtained are summarised in Scheme 69.

Entry Amine (R) Time (h) Yield of 174
(%)
de Fatima Pereira reported the synthesis of novel 1-imino-2,
1 Me 1 73 . . . . .
) Et 1 31 3-dihydro-1H-pyrazino[2,1,-b]quinazoline-5-ones 1821
3 i-Pr 4 74 acceptable yield in a two-step process, Scheme 70.
4 n-Me(CH,);CH, 1 67 Commencing with a methyl anthranilate 177, Appel’s salt
Z 1\?}? 224 28 176 condenses with the amino group. In a second
2 condensation step, 1,2-diaminoethane condenses with 178
to give either 179 or 180, Table 23.
(0]
_Me
/’L 56%
0 0 N~ o o}
Me Me H Me
J X X
~ + ~ ‘
N N” >sPh SN N2
NaOH N"Y
42% 27% THF S
H,0 66%
PhSH rt
EtsN NaSH.H,0
reflux DMF
rt
o} 0]
/R Me
N N/Me n-PrSH | X N NaN3 N’
| \ NaH, THF PN DMF /)\(N
NEN aH, THF, t N~ CN reflux N™>F
N™ "SPr HN
174 N
0,
60% RONa R = Me 74%
ROH
rt RR'NH
reflux

(0]
_Me
N
N/)\OR
R =Me, 97%

R = Et, 96%
R =Bn, 83%

Scheme 69.

(0]
_Me
N
N/)\NRR'

R=Me, R'=H, 37%
R=Et,R' =H, 68%
R= n-Me(CH2)3CH2, R' = H, 29%
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v
= CO,Me DCM, rt

Scheme 70.

Table 23. Synthesis of quinazolines 179 and 180

177 Diamine Yield of Yield of Yield of
(equiv) 178 (%) 179 (%) 180 (%)
R=H 1 98 54 8
R=H 3 — 56 18
R=Br 1 98 74 17
R=Br 3 — 4 28
R=4-Cl 1 71 61 22
R=4-Cl 3 — 8 57
R=4,5-diOMe 1 99 — —
R=4,5-diOMe 3 — 62 —

5.12. Reaction of resin-bound aldehydes with
anthranilamides

In a solid-phase synthesis of quinazolinones by Zhang et al.,
polymer-supported anthranilamide precursors and alde-
hydes were combined under acidic conditions to furnish
the quinazolinone 181 and 1,2-dihydro-quinazolinone 182
skeletons, Scheme 71.%7 Subsequent dehydrogenation was
effected using potassium permanganate. The desired
products were obtained in acceptable yields and purities
after cleavage with trifluoroacetic acid and additional
diversity at the 3-position was possible by employing an
amino acid-derivatised polymer support.

An advantage of this approach is that the anthranilamide-
derivatised Wang resins 183 could be derived from either
nitrobenzoic acids 184 or isatoic anhydrides 185, allowing a
range of aromatic substitution patterns to be accessed,
Figure 1.

HaN~

Nﬁ% -

COzMe

X

177 178

NH,(CHz),NH,
THF, rt

Cl

NH,

5.13. Chemoselective lithiation of quinazolinone
derivatives

Smith et al. reported the preparation of 3-(acylamino)-2-
unsubstituted and 3-amino-2-substituted quinazolinone
systems 186 and their subsequent lithiation, Scheme 72.%°

The required 3-(pivaloylamino)- and 3-(acetylamino)-
4(3H)-quinazolinones 186a and 186b were prepared as
outlined in Scheme 72. For example, the former compound
was prepared in 85% yield from the reaction of pivaloyl
chloride with 3-amino-quinazolinone. Subsequent treatment
with alkyllithium reagents promoted nucleophilic attack at
the imine bond, giving the corresponding 1,2-addition
product 187, rather than lithiation at the 2-position,
Scheme 73, Route A.

The reactions were complete within a 5 min period and very
good yields of the addition products were achieved,
Table 24, Route A. It was later discovered that chemo-
selective lithiation at the 2-position of 3-(pivaloylamino)-
and 3-(acylamino)-4(3H)-quinazolinones 186a and 186b
was possible using lithium diisopropylamide at low
temperature to furnish a range of 2-substituted products
188, Scheme 73, Table 24, Route B.

This direct lithiation is a facile, practical and regioselective
process, enabling the synthesis of a range of derivatives
including those that are not easily accessed by other routes.
The ease of removal of the acylamino group affords the
3-amino analogues 189 under basic or acidic conditions,
Scheme 74.
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20% piperidine/DMF

o}
X

N oH

Z>No,

184
(i) DCC/HOBT/DMF

(ii) SNCl,/DMF, 5 h

50% TFA/DCM, 1 h

o R
X 1
/\N/\Rg

182
Scheme 71.

A subsequent discovery showed that 3-amino-2-methyl-
4(3H)-quinazolinones 190 could be lithiated readily using
2.2 equiv of n-butyllithium at low temperature in THF and
then quenched by a series of electrophiles in high yield.”®
Interestingly, attack by the n-BuL.i at the carbonyl group or
the imine functionality of the quinazolinone ring did not
occur, Scheme 75, Route A.

Based on the success observed using alkyllithiums, the

O
“>COOH Br

g

55% (93%)>°

o 0

&NACOOH
~
N

80% (85%)>P

R
I_ o
FmocHN
7o

58% (99%)®°

20% piperidine/DMF
A 0
N/&O

185

dk Jﬁ( DMF, 55°C, O/N
DRRE"

RCHO, 5% AcOH
DMA, 100°C, 24 h

(i) KMnO4/Me,CO, O/N
(i) 50% TFA/DCM, 1 h

o R
X |
‘\ x “>COOH
Z SN OR2
181

methodology was transferred to the 3-amino-2-ethyl-4(3H)-
quinazolinones 191, although only low yields of the desired
products were obtained. Increased yields were achieved,
however, by the use of lithium diisopropylamide at low
temperature, Scheme 75, Route B. These simple procedures
provide aminoquinazolinone derivatives that were only
previously available with difficulty. This new approach
obviates the need for protecting groups and allows direct
access to quinazolinones bearing the amino functionality.

“>COOH

COOH
/
98% (64%)>°

66% (87%)%

@@%

79% (73%)>

Figure 1. (a) Crude yield (numbers in brackets refer to HPLC purity). (b) Isatoic anhydride route. (c) o-Nitrobenzoic acid route.
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Scheme 72.

Scheme 73.
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o}
& OH  HCONH, _
NH, requx

RCOCI

toluene, EtgN

reflux, 30 min

@& L
Route A 2.2 equiv. LDA Route B
TI-/ -78°C \

_N_ _R
X N X

& @A o
/Y\ N L

electrophile (E)

(0]

N/NTR
CE:AE 0

188

Table 24, Route A. Synthesis of quinazolines 187

H

Product R R/ Yield of 187
(%)

1 t-Bu n-Bu 96

2 t-Bu t-Bu 98

3 t-Bu Me 90

4 Me n-Bu 82

5 Me t-Bu 84

6 Me Me 70

Table 24, Route B. Synthesis of quinazolines 188

Product R E Yield of 188
(%)

1 t-Bu (Ph),C(OH) 85

2 t-Bu Me 89

3 Me (Ph),C(OH) 80

4 Me D 79

5 Me PhC(OH)(Me) 80

(0]
NH;
NH HoN—NH, | A N
J A
O H
N 186a R =B, 85%
N/) o 186b R = Me
o 0
_N R' _NH
@\)kN Y NaOH or HCI &i 2
NAR o) MeOH, H,0 PR
reflux
189
R =Me, R'={-Bu R = Me or i-Pr
R =i-Pr, R"= Me
R =Me, R'= Me

R =i-Pr, R'= Me

Scheme 74.

5.14. Quinazolinone formation using 1-acetyl-1-
methylhydrazine

Peet et al. demonstrated that 2,3-disubstituted-4(3H)-
quinazolinones such as 192 could be prepared from the
cyclisation of 2-amino-benzoic acid N-acetyl-N-methyl-
hydrazide 193 under acidic conditions.”’ The latter
compound was obtained from the reaction of o-nitrobenzoyl
chloride 194 with 1-acetyl-1-methylhydrazine 195 to give
the corresponding substitution product 196 in 64% yield,
followed by catalytic reduction of the nitro group using 10%
Pd/C. This aniline intermediate 193 was also prepared by
the use of isatoic anhydride 185 (X=H) and 1-acetyl-1-
methylhydrazine 195, albeit in lower yield, Scheme 76.

A suggested mechanism for the cyclisation of the
diacylhydrazine 193 involves the initial transfer of
the acetyl moiety to the aromatic amino functionality and
the resulting 2-[o-(acetylamino)benzoyl]-1-methyl hydra-
zine 197 then rearranges and dehydrates to form 2-methyl-
3-(methylamino)-4(3H)-quinazolinone 192, Scheme 77.

The cyclisation furnished the desired product in a
respectable 78% yield and this procedure represents a
simple and efficient synthesis of 2,3-disubstituted
quinazolinones.

5.15. Approaches to luotonins and rutaecarpine

Luotonins A-F 198-203 were isolated from the aerial parts
of Peganum nigellastrum, a plant that has traditionally been
used in Chinese medicine, Scheme 78.”% Due to its potent
biological activity, luotonin A 198, (which has an ICs, value
of 1.8 pg/ml against murine leukaemia P-388) has been the
target of numerous syntheses.
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o} 0
_NHR' _NHR'
N/)\Me N/)\CHQR
190 191
Route A 2-2 €quiv. n-Buli| _zgoc 2.2 equiv. LDA | _7go¢ Route B
THF THF
i NLiR' T
~
N)\CHzLi N/)\C‘)HLi
R
(i) 2.2 equiv. E*
(i) NH4Cl ag
0 o}
. _NER'
soalse:
~
N/J\CHQE N~ “CHE
R
R'=E = Me, 80% R=E=R' = Me, 88%
R'=H, E = Me, 89% R=E=Me, R = H, 86%
R'=H, E = PhNHCO, 75% R = Me, E = PANHCO, R’ = H, 70%

Scheme 75.

A number of naturally occurring 2,3-disubstituted quinazo-
linones exist that possess a high biological activity. Among
these, vasicinone (vide supra, Section 5.2), luotonins 198—
203 and rutaecarpine 204 have received much attention
from the synthetic community. Indeed, synthetic approaches
to some of these molecules published before 2003 have been
reviewed recently by Bergman.” In this section, we will
survey the routes to these important alkaloids, which have
been published subsequently.

Me
N__M
o HN™ G ©
(o) (e} ZIe "
cl 195 @N/ e
H
NO, CHzgz}m NO, o)
194 ° 196
X i Me H,
NN _N__Me Pd/C
\ i HN" G EtOH, 2 h
ZSN" N0 0 80%
H 195
185 30%
(0] O Me
N__M
e SN EMe 00, 1,0, N e
| % //‘\ 80°C, 1h H o
N ’ NH,
78%
192 193
Scheme 76.

Harayma et al. have reported a simple convergent synthesis
of luotonin A.%* Rings A, B, D and E are present in the
starting materials. The route commences with the alkylation
of 205 by 206 under basic conditions to give 207,
Scheme 79. Completion of the synthesis is achieved by
intramolecular palladium-assisted coupling to generate
ring C.

This process was optimised by using tricyclohexyl-
phosphine and potassium acetate, furnishing luotonin A in
86% yield. Even in the absence of the phosphine ligand, the
reaction proceeded in 61% yield.

This synthetic methodology was extended to synthesise
rutaecarpine 204 from 208, Scheme 80.

Mhaske and Argade have published a general high-yielding
route to luotonins A, B and F with the key step being a
regioselective lithiation, which allows the construction of
the C ring in these compounds.”” LDA, s-BuLi, #-BuLi and
n-BuLi were tested in the presence and absence of TMEDA
over a temperature range from 0 to —78 °C. The reactivity
of mesityllithium at —20 °C with 209, however, produced
210. Dilithiated species 210 could be further elaborated to
give 211, an important intermediate in the synthesis of
luotonin A 198, Scheme 81. Similarly 210 could be reacted
with DMF to furnish aldehyde 212, a common precursor to
both luotonin B 199 and luotonin E 200.

This is a high-yielding route and could be potentially useful
for the generation of analogues, as well as a range of other
natural and synthetic polycyclic compounds.



10184 D. J. Connolly et al. / Tetrahedron 61 (2005) 1015310202

(0] Me
N,N\Q,Me _10% HpSO4_
H o 80°C, 1 h
NH,
193

(0]
- _NHMe
H2O kaN
~
N Me

Scheme 77.

Iuotonin A 198 R =H
luotonin B 199 R = OH
Iuotonin E 200 R = OMe

luotonin F 201

- (0]
N
[T N
A\
MeO /N/ N \N
(0] R H

Iuotonin C 202 R =Me
luotonin D 203 R =Et

Scheme 78.

rutaecarpine 204

Lee et al. reported the condensation of 213 based on the
observation that N-arylbenzimino chlorides condense with
anthranilic acid.”® In this case, pretreatment with gaseous or
concentrated hydrochloric acid improves the yield of the
reaction. In terms of strategy, this route follows Ganesan’s
synthesis of luotonin A 198, with 213 being the key
intermediate used to construct rings D and E, Scheme 82.%7

S )NH
= N/
205 ‘
KO'Bu, DMF, rt
1h, 92%
Br~ N
206

Scheme 79.

N
H
C

LY

HE N OH
197

Using this simple procedure, it was also possible to
synthesise, among other molecules, the antibiotic, try-
panthrine 214, via ozonolysis of the olefin 215, which was
prepared from substrate 216, Scheme 83. A similar process
was employed for the synthesis of rutaecarpine 204,
Table 25.

The Povarov reaction is an important method for the
construction of tetrahgdroquinolines in a multicomponent
fashion, Scheme 84.”° It may be viewed as either a
concerted Hetero-Diels—Alder reaction or a stepwise
Mannich process. This reaction may be carried out in either
protic or Lewis acidic conditions. Oxidation of the
tetrahydroquinoline ring furnishes a quinoline. Both intra-
and intermolecular Povarov cyclisations have been used to
synthesise luotonin A.

Twin and Batey have disclosed a convenient route to
luotonin A by use of an intramolecular Povarov reaction. %

In a method developed by Mazurkiewicz, propargylamine
was added to 217 to afford 218, which is subsequently
converted into its amide derivative 219, Scheme 85.'®
Intermediate 219 undergoes cyclisation—dehydration in the
presence of Hiinig’s base, triphenylphosphine and iodine to
form 220 in excellent yield. Compound 220 then rearranges
on treatment with piperidine and silica gel to produce the
advanced intermediate 221.

Hydrolysis of 221, followed by Dess-Martin periodinane-
mediated oxidation to aldehyde 222, Scheme 85, allows for
the formation of imine 223, Scheme 86, which then

Pd(OAc),, CysP
| N 198
P> PCy3, KOAc, DMF
30 min, 86%




Scheme 80.

Scheme 81.
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1. HCI
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Om 2. POCls N
N \N N/ / \
H 3. anthranilic acid N=
213 198
Scheme 82.
)
N 1.0,
| N
N PhCHO P 2. Me,S B
= N
N Ac,0 83% e}
reflux, 48 h
89%
216 215 214
Scheme 83.

Table 25. Synthesis of 2,3-polymethylene-4(3H)-quinazolinones and
related alkaloids

Entry Substrate Product® Yield
(%)
1 o) D 88
~
N
HN 0
2 o) N

O
~
N
H o}
N/
@ I
N/
““@ i
~
N
HN
198 88
(@)
HN
7 204 92
O N
H

 Spectral data of the products match previously reported data.
® Isolated, but unoptimised yield.

N
3 o)
H

R! R!
\\ Oj\R2 ‘\\

= =

Scheme 84.

undergoes Povarov cyclisation in an inverse-electron-
demand Hetero-Diels—Alder reaction and is subsequently
oxidised to yield luotonin A.

As in the previous examples outlined in this section, the
mild conditions used make this a suitable synthetic method
for the synthesis of analogues for QSAR studies.

Osborne and Stevenson reported an intermolecular Povarov
cyclisation to achieve the formal total synthesis of luotonin
A" N-Acetyl-2-azetine 224, a compound readily available
in gram quantities from cheap starting materials, was
reacted with 225 in the presence of a Lewis acid catalyst to
afford quinoline 226 in 78% yield following the addition of
HCI to an acetonitrile solution, Scheme 87. Subsequent
treatment of 226 with sodium ethoxide in ethanol gave rise
to the lactam 213, which, as mentioned previously, can be
converted into luotonin A using 2-sulfinylaminobenzoyl
chloride.”’

Chavan and Sivappa published an efficient route to the
related alkaloid rutaecarpine 204, Scheme 88.'° Generation
of the indole is achieved by use of the Fischer indole
synthesis, as previously disclosed by Kokosi et al.'®® The
synthesis of N-aryl hydrazone 227, an important inter-
mediate in the synthesis of rutaecarpine, was obtained by
employing a Dieckmann cyclisation of ester 228. This route
allowed easier access to 229 and, hence, rutaecarpine 204.

R4

., R K

3 3

— \diR

—

N~ R? NN R
H
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propargylamine

DMF, 40-50°C, 3 h (65%)

PPhs |,

EtNiPry,CH,Cly,
5 h, rt (89%)

a) piperidine, 1 h, rt

b) Silica gel, EtOAc
16 h, rt (85%) (2 steps)

Scheme 85.

a) NaOH,
THF/H,0, 2 h, rt (83%)

b) DMP, py, ACN,
1h, 1t (73%)

0]

N
CLis
NH,

218

AcOCH,COCI
NEt;, 40°Ctort, 16 h (68%)

219

N£ aniline, Dy(OTf)3 (10 mol%)
24 h (51%)
N

198

Scheme 86.

oxidation
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Ac
224 b

3 mol %, Y(OTf
@\ mol %, Y(OThs N NHAc
Pz aniline, ACN, _
N” “COOEt 12 h, HCI N OFt
78% O
225 226
NaOEt, EtOH, 78°C,
99%
2-sulfinylamino-
benzoyl chloride X
NH
4 LiN(TMS), N/
11h o
213
Scheme 87.
6. 2,4-Disubstituted-4(3H)-quinazolinones and 6.1. Polymer-supported synthesis of 2,4-diamino-
-quinazolines quinazolines

The solid-phase synthesis reported by Wilson enabled the

X preparation of 2,4-diaminoquinazolines 229 in good yields
N and purities.'™ This was accomplished using an acyl
P isothiocyanate resin 230 with functionalised 2-amino-
N Y benzonitriles 231 and amines 232 as the key building

blocks in the synthesis, Scheme 89.

EtOOC
EtOOC

S S

228
d

(0]

Y@@

g s gﬁ@

NHNPh

227

9

0]
N
Cri-d
N N
H

204

Scheme 88. (a) Ethyl y-aminobutyrate. HCI, DMF, NEt;, DMAP (cat.), 96%; (b) Ethyl oxalyl chloride, DCM, k,CO3, 98%; (c) PCl;, xylene, reflux, 2 h, 80%;
(d) NaH, DMF, 80%, 6 N HCI, reflux, 81%; (¢) PANHNH,; (f) PPA, 180 °C.
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Scheme 90.

This approach enabled the synthesis of the a-1 antagonist
prazosin 233 in good yield and purity, Scheme 90. Using
prazosin 233 as an example, the reaction of 2-amino-4,5-
dimethoxybenzonitrile 234 dissolved in N-methylpyrrolidi-
none with the acyl isothiocyanate resin 235 produced the
intermediate 236. This was followed by the addition of the
appropriate amine, in this case, 1-(2-furoyl)-piperazine, in
the presence of EDC to furnish the resin-bound guanidine
237. The optimal ring-closure and cleavage conditions
employed trifluoroacetic acid and water at 80 °C to afford
prazosin 233 in 70% yield.

The scope and generality of this method were later
harnessed to synthesise a range of other analogues,
Table 26.

A variety of 2-aminobenzonitriles were tolerated, allowing
alkyl, alkoxy and halogen groups to be incorporated into the
quinazoline structure. In addition, a series of secondary
amines were successfully employed. In the case of the
primary amine, r-BuNH, (entry 7), the tert-butyl group was

not present in the quinazoline product and was probably lost
during the resin cleavage. Surprisingly, in comparison with
the ammonia example (entry 6), -~-BuNH, provided the 2,4-
diaminoquinazoline of higher yield and purity.

This traceless linker approach has enabled access to a small
library of 2,4-disubstituted quinazolines, which exhibit a
wide range of pharmacology.'®' This new method
provides a useful alternative to the widely employed
procedure involving the sequential chlorine displacement
from 2,4-dichloroquinazoline (Section 6.8).

6.2. Reaction of 2-amino-N-arylbenzamides with
benzaldehydes

As discussed in Section 4.2, Szczepankiewicz et al.>78
modified their procedure so that the 2-amino-N-arylbenza-
mides 238 employed could be reacted with benzaldehyde or
its ring-substituted derivatives to afford the 2-aryl-4-
arylimino-(1H)-2,3-dihydroquinazolines 239, Scheme 91.
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Table 26. Polymer-supported synthesis of 2,4-diaminoquinazolines
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Treatment of these dihydroquinazoline derivatives 239 with
potassium permanganate afforded the corresponding

Entry Product Yield Purity . . ¢ . )
(%) (%) aromatic quinazolines 240 in reasonable yield. For example,
NH 2-(2-phenyl)- and 2-(2-methylethyl)-4-phenylaminoquina-
2 . . . .
zoline were prepared in 62 and 53% yields, respectively.
MeO SN
/)\ This methodology was extended to synthesise 4-arylquina-
MeO NN ; . ) .
&N zolines 241a—o0 with a secondary amino function at the
| Reph R » % 2-position by reacting guanidines 242 and benzaldehydes
R=Me 74 03 243, Scheme 92, Table 27.
NH,
MeO A\ 6.3. Baeyer-Villiger oxidation of 3-arylimino-2-
J“\ indolinones
MeO NN
The rearrangement of 4-imino-(1H,4H)-3,1-benzoxazin-2-
3 45 90 ones to 2,4-quinazolinediones via an isocyanate carbox-
NH amide intermediate was reported by Azizian et al.'®” This
MeO 2 procedure involves the reaction of 3-arylimino-2-indoli-
SN nones 244 with m-chloroperbenzoic acid at 0 °C to afford
MeO N/)\N”R the corresponding benzoxazinone intermediate 245,
R Scheme 93. The expected 3-aryl-2,4(1H,3H)-quinazoline-
4 R=Bn 65 91 diones 246 were formed, along with related carbamate
5 R=Me 38 89 derivatives 247, which could be converted into the
6 R=H (from NH;) 24 74 quinazolinediones 246 by refluxing in methanol.
7 R=H (from #-BuNH,) 76 98
R® NH, A possible mechanism may involve rearrangement of the
R2 SN Baeyer—Villiger oxidation product to an isocyanate carbox-
)\ amide intermediate 248, which can cyclise spontaneously to
R’ N7 N/ﬁ give the required product 246. Alternatively, methanol
&o could attack the isocyanate to generate the carbamate
8 R! I=R2=O£\/[e, 133=H 55 94 derivative 247. The generality of this one-pot procedure has
9 R'=Cl, R"=R"=H 47 94 enabled the synthesis of a range of quinazolinediones under
mild conditions in high yields, Table 28.
= ) ) =~ I
TR R Ho o TR
i) \ !
NH, R'CHO NH KMnOy4 N
ethanol /%Rv Me,CO /)\
NH, reflux, 2.5 h N7 rt, 24 h N" R
H
238 239 240
R=H,R =Ph
R = 2-Br, R' = 4-MeOCgH,
R=H, R' = 3-MeCgH,
R = H, R' = 2-methylethyl
Scheme 91.
£
\ J
1 N N
E l + R°CHO MW T “RE
R2/ \f Pz
NH, R3
242 243 241

Scheme 92.
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Table 27. Reaction of guanidines 242 and benzaldehydes 243 to form 241a—o

10191

Compound R'-R? R’ Yield (%)
241a (CH;),—O—(CHa,), —Ph 78
241b (CHz)z—O—(CHz)Z p-OZN—C6H4 81
241c (CH2)270*(CH2)2 p-M607C6H4 83
241d (CH;),—O—(CHa,), p-(Me),N-C¢Hy 72
241e (CHz)z—O—(CHz)Q p-Cl—C(,H4 78
241f —(CHy)4— —Ph 80
241g —(CHp)4— p-O,N-C¢H, 83
241h *(CH2)47 p-M607C6H4 84
241i —(CHp)y— p-(Me),N-C¢Hy 74
241j —(CHp)4— p-Cl-C¢Hy 77
241k —(CHy)s— —Ph 80
2411 —(CHy)s— p-O,N-C¢H, 84
241m —(CHy)s— p-MeO-CgH, 78
241n —(CHy)s— p-(Me),N-C¢Hy 73
2410 —(CHy)s— p-Cl1-CgH, 78
R [ R N
8] .
b i
N \ N
m-CPBA (0]
(L S \
0 N<
N CHQC|2, 0°C N/‘ (0] \C\\
H H 0
244 | 245 248 i
/ \/IeOH
R O R
Q reflux ©/
- N
N H
N &O NH
H OZ\OMe
246 247
Scheme 93.

Table 28. Synthesis of quinazolinediones 246 via Baeyer—Villiger

6.4. 2-Substituted-4-aminoquinazolines by microwave

irradiation

oxidation of 3-arylimino-2-indolinones

Seijas et al. reported a microwave-promoted synthesis of

Entry R Yield of 246 (%)" 4-aminoquinazolines 249 by reacting cyanoaromatic com-
1 H 80 pounds with anthranilonitrile 3 (X=H) in a domestic
2 Me 93 microwave oven, Scheme 94.'98 As an example, anthra-
i 1(32 2? nilonitrile, 2-thiophenenitrile and potassium tert-butoxide

were added to a test tube and heated for 1 min to afford
4-amino-2-(2-thiophenyl)-quinazoline in 90% yield,
Table 29. It was found that this method was superior to
the traditional methods of synthesis for this class of
compound. As a comparison, 4-amino-2-benzylquinazoline

* All products recrystallised from methanol.

NH; was prepared in 73% yield after 3 min by microwave
~CN MW NN irradiation, whereas the same compound was obtained in
X P + £-BUOK (0.1 equiv)) PPN only 40% yield after refluxing for 48 h in isopropanol.
NH, N” R
249 A dramatic reduction in reaction time, the absence of
3 (X=H) .
solvents and the use of only a catalytic amount of base are
Scheme 94. appealing features of this approach.
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Table 29. Synthesis of 2-substituted-4-aminoquinazolines 249 by
microwave irradiation

Entry 2-Substituent Time (min) Yield of 249
R) (%)*
1 2-NH,C¢Hy 1 82
2 Ph 2 93
3 4-MeOCgH, 1 76
4 3-CNCg¢H4 2 85
5 2-Thiophenyl 1.5 90
6 2-Furanyl 1.5 84
7 4-Pyridyl 2 91
8 3-Pyridyl 0.5 79
9 2-Pyridyl 1.5 85
10 Bn 3 73

# All yields are from products purified by crystallisation.

of DBU under mild conditions was developed by Mizuno et
al.'” Carbon dioxide reacts with 2-aminobenzonitriles 234
in the presence of the suitable base to generate the
carbamate salts 251. This is followed by nucleophilic
cyclisation with attack of the carbamate oxygen on the
nitrile functionality. A rearrangement then occurs to afford
the intermediate 252, which is protonated to yield the
desired 2,4-dihydroxyquinazoline 250, Scheme 95.

This experimentally convenient procedure can be used to
prepare the unsubstituted 2,4-dihydroxyquinazoline in high
yield and purity. Excellent yields (90-97%) were also
obtained in the presence of both methoxy- and nitro-
substituted 2-aminobenzonitriles.

1 — 1 iy
R C=N R C=N
T ¢ e, omuL T —
R? NH, R? N0
H
251
N o
1 1
R ‘ N (j; R SN
RZ7 NS0 R2 N Yo
H H
252
OH
H R SN R'= MeO, R? = MeO, 97%
> I R'= NO,, R? = H, 90%
R? N"S0H R'=H,R?>=H,97%
250
Scheme 95.
R! N__O
R NH cat. base
2 10 MPa, 80°C, 4 h
+ scCO, R2 NH
R? CN
0
253a-e
Scheme 96.

6.5. Synthesis of 2,4-dihydroxyquinazolines

The synthesis of 2,4-dihydroxyquinazolines 250 using
2-aminobenzonitriles and carbon dioxide in the presence

Table 30. Synthesis of 2,4-dihydroxyquinazolines 253a—e in scCO,

Product R! R? Base Yield (%)
253a H H DBU (0.1 equiv) 91
253a H H Et;3N (0.1 equiv) 70
253b OMe OMe DBU (0.1 equiv) 97
253¢ H Cl DBU (0.1 equiv) 54
253¢ H Cl DBU (0.2 equiv) 96
253c H Cl NEt; 86
253d Cl H DBU (0.1 equiv) 64
253d Cl H DBU (0.2 equiv) 67
253e H NO, DBU (0.1 equiv) 0
253e H NO, DBU (0.5 equiv) 20

The same group has recently reported the use of
supercritical carbon dioxide (scCO,) instead of DMF and
DMSO to carry out this type of transformation on an
extended range of substituted 2-aminobenzonitriles 253a—e,
Scheme 96, Table 30.''" Good to excellent yields were
obtained and the use of supercritical carbon dioxide as
solvent obviates the need for toxic organic solvents.

6.6. Quinazoline formation by thermal ring contraction

Sashida et al. studied the thermolysis of 5-methoxy- and
5-diethylamino-(3H)-1,4-benzodiazepines to  give
4-methoxy- and 4-diethylaminoquinazolines by a ring
contraction mechanism, Scheme 97.!!"!

On heating the 5-methoxy-(3H)-1,4-benzodiazepines 254 in
diphenyl ether at 160-170°C for 6h, the
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MeO OMe
N
) N R = Me, 41%
N/\ 160-170°C N° >R R=Ph, 46%
254 255
Scheme 97.
Et,N NEt, ELN
=N NaOMe N = N
/ MeOH At
N N R
H R R
256 257 258
R = Me, Ph
257 258
R=Me 34% -

R=Ph 29% 28%
Scheme 98.

4-methoxyquinazolines 255 were furnished as the sole
products in moderate yields (41-46%). Similarly, 5-diethy-
lamino-(3H)-1,4-benzodiazepines 256 were treated with
sodium methoxide at room temperature to give the
corresponding 4-diethylaminoquinazolines 257 in accepta-

The behaviour of the 2-phenyl derivative 256 (R=Ph)
differed from its 2-methyl analogue 256 (R=Me) as an
approximate 1:1 mixture of the benzodiazepine 258 (R=
Ph) and the expected quinazoline 257 (R=Ph) was
obtained. An increase in the chemical yield to ca. 60%
was observed on refluxing the 2-phenyl-benzodiazepine 258
(R=Ph) in xylene or by further treatment with sodium
methoxide.

A possible mechanism to account for the products obtained
involves a thermal electrocyclisation to produce aziridine-
type compounds 259, Scheme 99. These undergo ring
opening to give the corresponding N-ylides 260 and
subsequent fission of the N-C bond yields the required
quinazolines 261.

6.7. Preparation of fluorine-containing
pyridoquinazolines

Okada employed 5,7-bis-(trifluoroacetyl)-8-quinaolylamine
262 as a convenient building block for the synthesis of
quinoline-fused quinazolines bearing a trifluoromethyl
functionality."'> The C-2 substituent in each case was
derived from the corresponding aldehyde and aqueous
ammonia was used as the N-3 source in a straightforward
synthesis of the desired compounds, Scheme 100, Table 31.

The benzaldehyde derivatives reacted with the quinoline

ble yields, Scheme 98. starting material to afford 2-aryl-1,2-
MeO
=N
Néz \ 0 r\ X - X
R 3 N S CHe SN
Et,N 5= ~
e / NTR VR R
X 259 260 261
N= X =0Me
R X = NEt,
Scheme 99.
N2 SN CF SN CF
N COCF; 3 \ 8
| b RCHO/ag. NH; ‘ NN . ‘ NN
F,COC”~ N N)\R F4CHC™ 7 N/)\R
COCF; H ‘
OH
262 263a-e 264c-e
Scheme 100.

Table 31. Condensation of 5,7-bis-(trifluoroacetyl)-8-quinaolylamine 262 with aldehydes to form 263a—e and 264c—e

Entry R RCHO (equiv) Time (h) Product Isolated yield (%)
1 Et 3 24 263a 62

2 i-Pr 5 72 263b 87

3 p-MeOCgH, 5 24 263c 84

4 p-MeOCgHy 5 48 263c/264c 71/23

5 Ph 5 24 263d 88

6 Ph 5 48 264d/264d 71/18

7 p-CICcHy 5 24 263e 60

8 p-CICgHy 5 96 263e/264¢ 50/46
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DDQ
rt, 1 hin ACN

263a-e

Scheme 101.

dihydropyridoquinazolines 263 in 60-88% yields with
recovery of the unreacted substrate. It was noted that
prolonged heating (48-96 h) resulted in the formation of the
unexpected 2-aryl-o,4-bis(trifluoromethyl)-pyrido[3,2-
h]quinazoline-6-methanols 264c—e in 18—46% yield. Treat-
ment of the quinazoline products 263a—e with DDQ at room
temperature for 1h furnished the fluorine-containing
pyrido[3,2-h]quinazolines 265 in 85-95% yield, Scheme
101. The alcohols 264c—e could also be converted in
excellent yields (82-94%) by oxidation into the quinazoline
derivatives 265 using DDQ. This route enables access to
products that are not easily obtained by other methods.

6.8. Reactivity of 2,4-dichloroquinazolines

Strekowski et al. reported that the reaction of organolithium
reagents with 2,4-dichloroquinazoline 266 was regioselec-
tive, resulting in predominant substitution at the 4-position,
Scheme 102.'"?

cl R
e (L

= ether =

N el Toa N">cl R= @\ 6%

266
Scheme 102.

Cl

SN PhLi
@

267

1. PhLi CE
2.H,0

269

Scheme 103.

Ph
NN PhLi no
N/)\CI ether 2,4-product
270
Scheme 104.

cl
@5%"; -LiCl CN
H| ——— H
+ N P
Li

DDQ
rt, 2 hin ACN

264c-e

The reaction of 4-chloroquinazoline 267 with phenyllithium
resulted in the formation of 2-[(benzylidene)amino]benzo-
nitrile 268 as the minor product and 2-[diphenylmethyl)-
amino]benzonitrile 269 as the major product,
Scheme 103.

This indicates that the addition of a lithium reagent to the
unsubstituted 2-position is favoured over substitution at
the 4-chloro substituent. Similarly, the reaction of 2-chloro-
4-phenyl-quinazoline 270 with 1 equiv of phenyllithium
gave a complicated mixture of products, Scheme 104.
The expected 2,4-diphenylquinazoline was not formed,
possibly as a result of ring opening of the pyrimidine ring
system.

The 2-chloro substituent can, however, be replaced by both
alkoxides and amines to give the corresponding 2,4-
disubstituted quinazolines in 60-80% yields. Indeed, this
substitution can be carried out selectively depending on the
conditions.

2,4-Dichoroquinazolines may be synthesised by chlorinat-
ing a quinazoline-2,4-dione using phosphorous oxychloride
or thionyl chloride. Regiospecific substitution can be
achieved by simply treating with a nucleophile. Substitution
at the 4-position can be achieved by treating 2,4-
dichloroquinazoline with a nucleophile. This is illustrated
in the course of several syntheses.

CN
Ph

N=C]
Ph

Lee et al. exploited the differential reactivity of 2.4-
dichloroquinazoline derivatives 271 as part of their
structure—activity relationship studies of phosphodiesterase
inhibitors.''"* The 6-substituted quinazoline-2,4-diones
272 were readily prepared from the anthranilamides
273a by treatment with phosgene, Scheme 105.
Alternatively, the reaction of anthranilic acids 273b
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0
R OH ’,fICNo
%
0 Cl
273b _Pocl; R SN
- (0] W /g reflux N/)\CI
o
NH,
1738 BnNH,
HN/\©
- R=C:C-Si(Pr); R SN _ imidazole \
R = C=CH, 63% N/k

Scheme 105.

and potassium cyanate followed by ring cyclisation
could be employed.

In the light of commercial interest in quinazoline
antihypertensive agents, a similar procedure for the
synthesis of kilogram quantities of the substituted
quinazlcilsine-2,4-dione was developed by Hammen and
Allen.

The substituted 2,4-dichloroquinazoline was prepared in
excellent yield by refluxing the 6-substituted quinazoline-2,
4-dione 272 in phosphorus oxychloride. Replacement of the
4-chloro group by a primary amine such as benzylamine
afforded the desired intermediate 274. An imidazole group
was subsequently introduced at the 2-position to furnish the
required 2,4-diaminoquinazoline 275 in 63% yield. It was
found that the 4-benzylamino fragment imparted a greater
activity than the 4-anilino series in the study of PDE
inhibitors. In addition, the 2-position imidazolyl sub-
stituents gave a slightly higher potency than the correspond-
ing 2-pyridyl analogues. This method demonstrates how

HO NH

Ph)kN\\ 2

(BOC),0, NEt;

2

rt, THF HO NHBOC

assisted drug design technology can identify potentially
causal relationships between structural fragments and
biological activity.

A series of quinazolines was prepared in order to evaluate
their usefulness as a possible treatment for obstructive
pulmonary disease such as asthma.''®

Protection of the aminophenol starting material was
required in order to allow the efficient alkylation of the
hydroxyl functionality, Scheme 106. Deprotection and
subsequent reaction with the isocyanate afforded inter-
mediate 276. It was found that the yield from the cyclisation
reaction with phosphorus oxychloride was dependent on the
nature of the 6- and 7-substituents (80% for 277a—c and
10% for 277d).

A Stille coupling resulted in exclusive reaction at the
4-chloro substituent in 2,4-dichloroquinazoline derivatives
278, since this position is the most electrophilic,
Scheme 107.

(i) R?X, butanone .
base, reflux R Ojij\
(i) CF3CO4H, R20 NH

0°C,pH=7

2

POCI, cl

! 1
C\\o R O:@ HNkoph N,N-dimethylaniine ~ RO N
THF, rt _
r R20 N/&O 110°C, 4 h 2 N)\CI

Scheme 106.

R
277

a R'= Me, R? = CH,Ph

b R'= Me, R? = CH,CO,Et
¢ R'=H, R? = CH,CO,Et
d R'=R? = CH,CO,Et
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. R3
Cl R3SnBus MeLi ;
R' SN (PPh3),PdCl, Dﬁ ZnCl, R SN
Pd(PPh
R? N/)\ ol xylene )\ d(ioxa :)4 R2 N/)\Me
110°C, 3 h
278
R® = 3,5-dibenzyloxy-phenyl
R®= 3,5-dicyclopropylmethyloxy-phenyl
Scheme 107.
a R = Et, n-Bu, 2-thiophenyl
b R = 3,5-dicyclopropylmethyloxy-phenyl
¢ R = NH(CH,)30H, N-morpholinyl, OMe, OEt, SEt
279
Scheme 108.

Lastly, substitution at the remaining 2-position by both
organotin and organozinc reagents was possible using
similar cross-coupling methodology, producing 279a and
279b. Alcohols, thiols or amines in the presence of sodium
hydroxide could also be used to replace the 2-chloro
substituent, to produce 279c¢ in yields of 50-90%,
Scheme 108.

By exploiting the inherent reactivity of 2,4-dichloroquina-
zoline, it was possible to access a large number of
biologically relevant products.

This reactivity may also be exploited for the elaboration of
2,4-quinazolines. Undheim et al. investigated the use of
trialkylalanes in palladium-catalysed alkylations, with
emphasis on the selectivity for carbo-substitution in 2,4-
dichloroquinazoline 266."'” The mechanism of this process
involves oxidative addition at the more electrophilic
4-position of the quinazoline moiety to the palladium(II)
complex. Transfer of an alkyl group from aluminium to the
palladium template occurs and subsequent reductive
elimination furnishes the alkylated product, Scheme 109.

Reaction at the 4-position can be effected with trimethyl-
alane and tri-isobutylalane and tetrakis(triphenylphosphine)

monoalkylated products 280 (R=Me or i-Bu) were
obtained in good yields (63 and 76%). Addition of another
equivalent of the appropriate alane enabled further
substitution at the 2-position, with yields varying from
63-80%. This method complements the existing procedures
involving organostannanes, organozinc and organo-
magnesium reagents for carbo-substitution, allowing regio-
selective modification of biologically important
quinazolines.

More recently, Weber et al. have exploited this reactivity at
the 4-position, while producing a solid-phase library of
2-substitued quinazolinones.''®'"?

6.9. Chlorination of quinazoline-2,4-dione in the
presence of cyclic amines

Yoshida et al. have developed a convenient synthetic route
to 2-(4-allylpiperazin-1-yl)-4-chloroquinazoline 281, a key
intermediate in the preparation of 2-(4-allylpiperazin-1-yl)-
4-pentyl-oxyquinazoline, a compound, which is potentially
useful in the treatment of dementia, Scheme 110.'° The
reaction of quinazoline-2,4-dione 253a with 1,4-diallyl-
piperazine and 1,4-dimethylpiperazine produced the

palladium as catalyst. After 24 h at reflux, the products in 64 and 74% yield, respectively.
Cl
N (i) AIR")5/Pd(PPh3), N R1 Me, 76%
. THF/DCE ___ R'=iBu,63%
N- Cl reflux N™ Cl
266 280
1
. 2 R R'= R2 = Me, 63%
(i) AI(R?)3/Pd(PPh3), N R' = R = .BU, 78%
THF/DCE A, Ri=Me, RE~ i-Bu, 80%
reflux N" R R'=i-Bu, R® = Me, 86%

Scheme 109.
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Scheme 110.

J
i ()

NaOH

N N / \ —
P + N Nf toluene N
N~ ~ClI — 30 min, rt /)\
46% N Cl
266 282

Scheme 111.

The above reaction shows that tertiary amines react
selectively at the 2-position of the quinazolinedione in the
presence of phosphorus oxychloride.'”' As previously
noted, however, the 4-position of 2.4-dichloroquinazoline
266 is more reactive than the 2-position for nucleophilic
attack by primary or secondary amines.’ This was further
demonstrated by the reaction of 1-allylpiperazine and 2,4-
dichloroquinazoline in the presence of aqueous sodium
hydroxide. The reaction was complete after 30 min at room
temperature and furnished 4-(4-allyl-piperazin-1-yl)-2-
chloro-quinazoline 282 in 46% yield after recrystallisation,
Scheme 111.

An investigation into the reaction of 2,4-quinazolinedione
253a with phosphorus oxychloride revealed that the
N-methylpyrrolidine base reacted with intermediate 283 to
form a quaternary ammonium salt, Scheme 112.'** Under
the reaction conditions employed, this ammonium salt
degraded to form 2-(4-chloro-N-methylbutylamino)-4(3H)-
quinazolinone 284 in 78% yield. Further reaction to
facilitate chlorination at the 4-position was also possible,
furnishing the product 285 in 87% yield. Interestingly, when
a bulky alkylamine base such as N-sec-butyl- or N-tert-
butylpyrrolidine was examined, only 2,4-dichloroquinazo-
line 266 was isolated. This indicates that the product ratio
depends on the bulkiness, rather than the basicity, of the
alkylamine used.

An earlier study revealed that tri-n-propylamine, the base
commonly employed in conjunction with phosphorus
oxychloride, was sufficiently bulky to enable smooth
conversion of the quinazolinedione into the 2,4-dichloro
species. When triethylamine was substituted, however,
4-chloro-2-diethylaminoquinazoline was obtained as the
product.'* This procedure represents a facile synthesis of
2-(N-alkyl-4-chlorobutyl amino)-4-chloroquinazolines,
which are amenable to further elaboration at the 2- and
4-positions.

Cl
POCI3 |
NPr3 N
1,4-dioxane N/)\N/\

100°C bN
‘R

281

R = CH,CH=CH,, 64%
R =Me, 74%

6.10. Synthesis of 2,4-diaminoquinazolines

Zielinski et al. reported a method to enable the synthesis of
2,4-diaminoquinazolines by reacting chloroamidines with
dialkylcyanamides. Phenyl isocyanate derivatives with
electron-donating and -withdrawing groups were reacted
with N,N-diethylamine to prepare the substituted urea
compounds. The subsequent chlorination was facilitated
with the use of phosphorus pentachloride. For example, 2-
(N,N-diethylamino)-4-(N,N-dimethylamino)quinazoline
286a was prepared in 79% yield from the cyclisation of the
intermediate 287 (R1=H), which was obtained from the
reaction of N,N-dimethylcyanamide 288 (R'=H) with
chloroamidine 289, Scheme 113.'**

0 R = Me, o
N s-Bu,
crAiE o
N/&O POCl3 N)\o C'CI
H 80-85°C
253a 283

O/ \C'

78% POCI3
cl
@ Bk
CH2 ,Cl _ N//KCI

284 266
POCI,
87%

cl

SN

/* N(CH,),CI

R
285

Scheme 112.
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ANN=C=0 N~ “NEt,
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NECfN\ )N\Mez
X < Me A N7 >Cl
1_0 1h
R e 289 RT PN
N~ NEt, N~ “NEt,
288 287
_ aR'=H,79%
TiClg bR'=7-Cl, 70%
g c¢R'=6-Cl, 58%
dR' = 7-OMe, 42%
eR'=7-NO,, 79%
286
Scheme 113.

The use of other nitriles such as acetonitrile, benzonitrile,
phenylacetonitrile and cyanamide did not afford the
required quinazoline derivatives. This synthetically useful
procedure, however, tolerated a range of substituents on the
phenyl isocyanate starting material to give the appropriately
substituted products. Unfortunately, purification of the
quinazoline from these reaction mixtures was difficult in
some cases, therefore reducing the isolated yield.

6.11. Rearrangement of triazolines to 2-alkyl-4-
arylaminoquinazolines

Erba and Sporchia reported a synthesis of 2-alkyl-4-
arylaminoquinazolines 290 by the condensation of aryl-
amines with amidines 291, Scheme 114.'% As discussed in
Section 2.4, these amidines could be formed by a thermal
rearrangement of the triazolines 292.

The reaction of primary arylamines and N-(2-cyanophenyl)
amidines 291 was subsequently investigated and two
condensations were developed, namely Route A, which
involved refluxing the arylamine and the amidine in an
organic acid, or Route B, heating the amidine with an
equimolar amount of arylamine hydrochloride without any
solvent in a sealed tube. Similar results were obtained with
each procedure, but high temperatures and the presence of

an acid, either an organic acid or its amine salt, were
necessary for the successful completion of the reaction. This
thermal rearrangement is the method of choice for a
straightforward synthesis of functionalised amidines,
which can be used to prepare 2-alkyl-4-arylaminoquinazo-
lines in moderate to good yields (30-65%).

6.12. Access to quinazoline derivatives using Grignard
reagents

The research of Bergman et al. demonstrated that
2-aminobenzonitrile reacted with Grignard reagents and
the resulting intermediate 293 was useful in accessing a
variety of important quinazoline derivatives,
Scheme 115."2%'%7

Cyclisation of the intermediate 293 after reaction with acid
chlorides, anhydrides and formates produced the respective
quinazolines in moderate to good yields. 2-Aminobenzo-
nitrile in ether was added dropwise to an ethereal solution of
the required organomagnesium reagent. As an example, the
reaction of the intermediate 293 (R=Ph) with benzoyl
chloride and subsequent cyclisation furnished 2.4-di-
phenylquinazoline in 80% yield. This general approach
for the synthesis of 2,4-disubstituted quinazolines is highly
flexible and is a useful addition to the existing procedures.

R!
morpholine IN 1
R cho | CHCls b 4h N N/\N xylene _ ‘ CIIR
CN O\J CN reflux X N/ N/ﬁ
C[ . L_o
N3 291
292
ArNH, an- AT R" = Me, Ar = Ph, 45% (A)
Route A EtCO,H R' = Bz, Ar = Ph, 30% (A)
reflux, 2 h N 1 R'= Et Ar= 4MOOCyHs, 65% (A)
Route B ArNH,.HCI N/)vR R" = Et, Ar = 4-MeOCgH,, 60% (B)
180°C, 2 h

Scheme 114.
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R
|
22N ‘
NH, 2 NH,
+ 293
Cl,C=NMe,
~cl
CO,Et
R (CO,E),
O
“cl
+
N/)\NHMeZ R

Scheme 115.
7. Conclusions

Given the advances in synthetic methodology and tech-
nology in recent years and the continued interest in the
quinazoline skeleton in medicinal chemistry and drug
development, the development of efficient and reliable
methods for the construction of these molecules will ensure
that this is an active and important area of research in
heterocyclic chemistry.
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Abstract—The radical-mediated hydroxyalkylation of o,B-unsaturated esters with alkyl iodides, trialkylborane, water and KF in THF
gave the corresponding o-hydroxy esters. The synthetic advantage of the method was demonstrated by a short-step total synthesis of

(% )-tanikolide.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Radical additions have become a very useful synthetic tool
because of the many advantages over ionic reactions, and
much attention has been paid to the development of efficient
carbon—carbon bond-forming reactions.! Frequently used
methodologies of alkyl radical addition to alkenes are
hydroalkylation with tributyltin hydride (the tin hydride
method), allylalkylation with allyltributyltin (the fragmen-
tation method), and haloalkylation via halogen atom
transfer (the Kharasch type method). If concomitant
introduction of alkyl and hydroxyl moieties to a-methylene
esters is possible by one-pot reaction, the reaction is referred
to as hydroxyalkylation and such a method would provide a
novel route to a-hydroxy esters being useful building blocks
in organic synthesis and structural motifs in a variety of
biologically active natural products.” To our knowledge,
however, a few reports have described the radical-mediated
hydroxyalkylation of a-methylene esters.’

During the investigation of chelation-controlled diastereo-
selective alkyl radical addition to a-methylene-y-oxy-
carboxylic acid esters I yielding ester IL* we have
observed the formation of hydroxytrifluoromethylation’
products III when CF;I was used as the radical precursor
(Scheme 1).° We continued the study to broaden the
reaction scope and here report the radical-mediated
hydroxyalkylation of a,B-unsaturated esters using various
alkyl iodides and Et;B in the presence of KF and H,O.

Keywords: Hydroxyalkylation; o,B-Unsaturated esters; o-Hydroxy esters;

Radical reaction; Tanikolide.
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R

R = Me, Et, i-Pr, etc./o():
Ph CO,Et
U RI, EtsB o2
—! BugSnH
Ph COsEt CH,CI CF3
Ph CO,Et

P = Me, Bn
R = CF3 "I

Scheme 1.

2. Results and discussion

2.1. Hydroxyalkylation

Initially, we examined the radical reaction of ethyl
2-phenethylpropenoate (1) with CF3;I. Table 1 shows
representative results of the radical reaction under selected
conditions. Following the procedure for the alkyl radical
addition,* 1 was treated with CF5I (gaseous, ca. 6 equiv) in
the presence of Et;B (1 equiv) and n-BusSnH (3 equiv) in
anhydrous CH,Cl, at room temperature for 6 h. Work-up
with KF and H,O gave hydroxytrifluoromethylated ester 2
in 30% isolated yield (entry 1). Neither hydrotrifluoro-
methylated ester 3 nor iodotrifluoromethylated ester 4 was
observed. As n-Bu3;SnH did not act as a hydrogen donor, we
next performed the reaction in the presence of H,O
(4 equiv) and KF (30 equiv), but without the tin reagent.
The reaction gave 2 in 50% isolated and 90% conversion
yields (entry 2), but gave a lower yield without KF® (entry
3). The reaction performed without the additives gave a
complex mixture, and alcohol 2 was isolated in 20% yield
(entry 4). The reaction was probably contaminated by H,O
during the bubbling of CF;I gas at —30 °C. The use of THF
as solvent enhanced the yield of 2, although the reaction was
not completed (75% isolated and 95% conversion yields,
entry 5). Further enhancement of yield was not observed
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Table 1. Hydroxytrifluoromethylation of 1 with CF5I*

CF3l, EtsB CFs
/\)L - : /\/EX
Ph CO,Et additives Ph CO,Et
1 solvent 2:X = OH
3:X=H
4: X =1
Entry Additives (equiv) Solvent Yield of 2 (%)°
1€ n-BuzSnH (3) CH,Cl, 30
2 H,O (4), KF (30) CH,Cl, 50 (90)
3 H,0 (4) CH,Cl, 25
4 — CH,Cl, 20
5 H,O (4), KF (30) THF 75 (95)
6 H,0 (4), K,CO;5 (10) THF 46 (53)
7 H,0 (4), KCI (30) THF 48

a

b

c

Table 2. Hydroxytrifluoromethylation of electron deficient alkenes with CF3I*

Compound 1 was allowed to react with CF;l (gaseous, ca. 6 equiv) in the
presence of Et;B (1 equiv) and additives in the solvent (10 mL/mmol) at
—30 °C and the reaction mixture was stirred at room temperature for 6 h
under N, atmosphere.

Isolated yield. Conversion yield in parenthesis.

After the reaction was completed, the reaction mixture was stirred with
KF and H,O at room temperature for additional 3 h (Ref. 7).
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even in the presence of 2.0 equiv of triethylborane. K,CO5’
and KCI1 were less effective than KF (entries 6 and 7). The
reaction in the presence of KI, KOH, Na,CO; or CaCO;
gave the alcohol 2 in lower yield (ca. 20%). No reaction
took place in the absence of the radical initiator Et;B.

We subsequently applied the best reaction conditions
(Table 1, entry 5) to the reactions of various a.,-unsaturated
carbonyl compounds with CF;I (Table 2). The reactions of
methyl, isopropyl and phenyl esters 5, 7 and 9 were
investigated, but the yields were lower than ethyl ester 1
(Table 2, entry 1 vs Table 1, entry 5). a-Methylene amide 11
and a-methylene-y-lactone 13 also gave the corresponding
hydroxytrifluoromethylated products 12 and 14, respect-
ively, although the yields were lower (entries 2 and 3). The
reaction of ethyl 2-hexylpropenoate (15) afforded the
corresponding hydroxytrifluoromethylation product 16 in
70% yield (entry 4). a-Methylene esters 17, 19, 21 and 23
with an additional electron-withdrawing methoxy (or
ethoxy) carbonyl group also reacted with CF; radical to
give 18, 20, 22 and 24, respectively (entry 5). Nonterminal

Entry Substrate Product Yield (%)* d.r.
N o
Ph COR /\/EOH
1 Ph CO.R
5 (R=Me) 6 (R=Me) 6: 43 (81)
7 (R=i-Pr) 8 (R=i-Pr) 8: 38 (70)
9 (R=Ph) 10 (R=Ph) 10: 26 (43)
CF3
Ph/\)L”/ N OH O
2 Ph N 14 (26)
© (0]
11 12
Ph— O 0 th(izo
3 OH 25 (36 60:40°
CF4 (36)
13 14
CF3
OH
4 n-C6H13 COQEt /E 70 (80
15 n—CGH13 COzEt 80)
16
CF3
RO,C
2 n CO2R ROsz/EOH
n COsR
5 17 R=Me, n=1) 18 (R=Me, n=1) 18: 22 (54)
19 R=Et, n=1) 20 R=Et, n=1) 20: 33 (59)
21 (R=Et, n=2) 22 (R=Et, n=2) 22: 47 (77)
23 (R=Et, n=3) 24 (R=Et, n=3) 24: 46 (73)
CF3
6° ‘ /\IOH 40 (91 60:40°
Ph CO-Et Ph CO,Et o '
CF3
Ph
CO,Et _ OH
7 OBn 2 CO,Et 39 (78) 80:11¢
27 OBn
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Table 2 (continued)

Entry Substrate Product Yield (%)* d.r.
T on
OR
H
Ph CO,Et /i\/)é?
8 Ph” 22 CO,Et
29 (R=Me) 30 (R=Me) 30: 76 (80) 60:40°
31 (R=Bn) 32 (R=Bn) 32: 62 (82)
CF
ol ot o |
)%(O O o) N
9 (o] o 0 0 51 50:50
N .
(0] (0]
33 34
R\J/ F3 R\V
)LWO{ ? ] j%( )
10 le)
35 (R=H) 36 (R=H) 36: 36 (50) 50:50
37 (R=Ph) 38 (R=Ph) 38: 62 (82) 56:44

Reaction conditions: the substrate was allowed to react with CF;I (gaseous, ca. 6 equiv) in the presence of Et;B (1 equiv) and additives in the solvent (10 mL/
mmol) at —30 °C and the reaction mixture was stirred at room temperature for 6 h under N, atmosphere.

#Isolated yield. Conversion yield in parenthesis.
" The relative configurations of the products were not determined.
¢ The E/Z ratio of 25=2.6:1.

9 The stereochemistry of the major diastereomer of 28 was (2R*,1'R*).

¢ The stereochemistry of the major diastereomer of 30 and 32 was (2R*,2'R*). (see Ref. 11).

alkene 25 underwent hydroxytrifluoromethylation to give
26 despite the fact that the radical addition reactions of
nonterminal alkenes are in general sluggish (entry 6)."°

The stereochemical outcome of hydroxytrifluoromethyl-
ation was examined in entries 7-10. The reaction of
B-benzyloxy-a-methylenecarboxylic acid ester 27 gave
hydroxytrifluoromethylated esters 28'' in 76% yield with
good 1,2-asymmetric induction; (2R*,1'R*)-28:(25*,1'R*)-
28=89:11 (entry 7). The reaction of y-methoxy-a-
methylenecarboxylic acid ester 29**¢ afforded hydroxy-
trifluoromethylated esters 30'% in 76% yield, but with poor
diastereoselectivity; (2R*,2'R*)-30:(25*,2'R*)-30=60:40
(entry 8). The success in chelation-controlled 1,3-asym-
metric induction in alkyl radical addition to a-methylene-y-
oxycarboxylic acid esters® prompted us to apply the
chelation control to the hydroxytrifluoromethylation
reaction. However, addition of Lewis acid MgBr,-OEt,,
which gave good diastereoselectivites in alkyl radical
addition to 29, was not effective for the hydroxytrifluoro-
methylation because of the presence of H,O as Lewis base.
The use of La(OTf);, which is known to coordinate with
carbonyl oxygen even in H,0,"? instead of MgBr, - OEt, did
not improve the diastereoselectivity.'* The reaction of
y-benzyloxy-o-methylenecarboxylic acid ester 31*>¢ also
gave hydroxytrifluoromethylated esters 32'? in good yield,
but with poor diastereoselectivity (entry 8).

The chiral auxiliary-contorolled reactions of glucose
derivative 33, menthol derivative 35 and phenylmenthol
derivative 37 were then attempted (entries 9 and 10). The

reactions proceeded in moderate yields, but with no
diastereoselectivities. The diastereomers of 34, 36 and 38
were easily separable by silica gel column chromatography,
respectively.

The optimized reaction conditions were further applied to
the reactions with various alkyl iodides (Table 3). Reactions
of 1 with perfluoroalkyl iodides were tested and the
corresponding alcohols 39—41 were obtained, respectively
(entries 1-3). The yield was affected by the number of

Table 3. Hydroxyalkylation of 1 with RI*

RI, Et;B R
/\)L - t3 /\/EOH
Ph CO,Et THF Ph CO5Et
H>0, KF
1 2= 39-46
Entry RI Product Yield®
2 CeF 3l 40 (R=C¢F3) 68 (93)
3 i-C5F;1 41 (R=i-C3F;) 35 (88)
4 ICH,CN — nr
5 ICH,CO,Et 42 (R=CH,CO,Et) 75 (95)
6 CH,CII 43 (R=CH,CI) 22 (69)
7 CH,L, 44 (R=CH,I) 30 (67)
8 Etl 45 (R=Ev) 18 (33)
9 Mel 45 (R=Ey) 16 (40)
10 i-Prl 45 (R=EY) 7 (13)
46 (R=i-Pr) 9 (16)

# Compound 1 was allowed to react with iodide (3 equiv) in the presence of
Et;B (1 equiv), KF and H,O in THF (10 mL/mmol) at 0 °C and the
reaction mixture was stirred for 6 h under N, atmosphere.

® Isolated yield. Conversion yield in parenthesis.
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fluorine atom attached to the radical carbon: CF5->
CF;CF,-, CsF;,CF,- > i-(CF;),CF-.

Entries 4-9 show the results of monosubstituted methyl
radical additions in the order of group electronegativity of
the substituents.'> Todoacetonitrile yielding a highly
electron deficient radical was not suitable for the reaction
and the starting material was recovered (entry 4). The results
suggest that radicals with highly electron-withdrawing
substituents (low SOMOs) were not add to electron-
deficient a-methylene ester 1 (low LUMO). In entry 5, the
electron-deficient radical derived from ethyl iodoacetate
gave alcohol 42 in 75% isolated and 95% conversion yields.
The reaction with ethyl bromoacetate, however, did not
afford the alcohol. These results suggest the reaction
contains a halogen-transfer step'® because the bromine-
atom transfer reaction is slower than the iodine-atom
transfer reaction.'” The reaction of alkyl radicals containing
a halogen atom such as Cl or I also proceeded (entries 6 and
7).'8 The reaction with ethyl iodide gave hydroxyethylation
product 45 in 16% yield (entry 8). Low yields in entries 6—8
may also depend on the low halogen-transfer ability of the
iodides. The use of methyl iodide, however, gave
hydroxyethylation product 45 in 16% yield instead of the
expected hydroxymethylation product (entry 9).'"° Com-
pound 45 was probably formed by the reaction of ethyl
radical generated from triethylborane. However, in the
absence of methyl iodide, the reaction did not proceed.
Methyl iodide may play a role in an iodine-atom transfer
step. Addition of I,, ICH,CN or n-BusSnl as an I-donor did
not affect the yield. The reaction with isopropyl iodide gave
hydroxyisopropylated ester 46 in 9% yield accompanied by
hydroxyethylated ester 45 in 7% yield (entry 10).

The above results indicate that (1) the reaction proceeded in
a radical manner; (2) the hydroxyl group in the products
originated from H,O and (3) the reaction contains a
halogen-transfer step. To confirm the fact that the hydroxyl
group in the product originated from H,O, a labeled
experiment using H3%0 was performed. As expected, the
reaction of 1 with CFI in the presence of H3*0 gave '*O-
labeled alcohol 2 (HRMS caled for C;4H,,Fi%03%0 [M™]
292.1240, found 292.1215). The unlabeled alcohol 2 was
not transformed into '®0 labeled 2 under radical reaction
conditions in the presence of HiSO. Furthermore, the
reaction of 1 with CF;I was performed in the presence of
2 equiv of molecular oxygen” to give hydroperoxide 47 in
45% yield (Scheme 2) together with 2 (30% yield; cf. entry
4 in Table 1).

CF4
/\J\ CF3l, Et;B /\);OOH
Ph CO,Et Oy THF Ph CO,Et

1 47

Scheme 2.

A possible reaction pathway for the formation of hydroxy-
alkylation products is shown in Scheme 3. The addition of
an alkyl radical to electron deficient alkene A gives radical
intermediate B. Subsequent iodine-atom transfer reaction
may give a-iodo ester C,?' which is then hydrolyzed with

R R
A
R™ "CO.Et R”* CH,O,Et R” “CO.Et
A B c
log leo
R R
J;OOH J;OH
R” CO,Et R CO,Et
E D

Scheme 3. Possible reaction pathway.

H,O0 to give hydroxyalkylated product D. The reaction of
radical intermediate B with molecular oxygen gives
hydroperoxide E.

The results suggest the reaction proceeds through o-iodo
esters, although these intermediates were unstable?'® under
the reaction condition and were not detected in the reaction
mixtures. In this case, further radical reactions of the o-iodo
esters were suppressed because of their rapid hydrolysis
with H,O. In order to verify the rapid hydrolysis, diethyl
2-i0do-2,4-dimethylpentanedioate (48) and ethyl 2-iodo-2-
methylpentanoate (50) were allowed to react with KF and
H,O in THF (Scheme 4).>*** The hydrolysis of iodide 48,
which bears an electron-withdrawing ethoxycarbonyl group
B to the quaternary carbon atom, was completed within 6 h
and the corresponding fert-alcohol 49 was yielded quanti-
tatively. However, the hydrolysis of iodide 50 took 9 h for
the conversion to the corresponding alcohol 51. KF was
found to accelerate the hydrolysis of a-iodo esters and
without it the hydrolysis was sluggish.

PO S LIL N Ve
R CO,Et R CO,Et

THF
48 R = CO,Et
50R=H

49 R = CO,Et
51 R=H

Scheme 4.

2.2. Synthesis of (+)-tanikolide

(R)-(+)-Tanikolide is a brine-shrimp toxic and antifungal
metabolite newly isolated from the marine cyanobacterium
Lyngbya majuscule collected from Tanikeli Island,
Madagascar.”* Recently, several syntheses of both racemic

EtO—PCH,CO,Et MeO2C CO,Et

OEt 52

(0]
\/\);n-C1OH21 WH
iii OH Vv, Vi
ROL CO,Et n-CqqHz3

, 53R = Me
VL. saRr=H

(*)-tanikolide

Scheme 5. Reagents and conditions: (i) NaH, DMSO, Br(CH,);CO,Me,
60 °C, 2 h; (ii) HCHO, THF, K,COs3, 80 °C, 75% for two steps; (iii) B(n-
C0H>1)3, n-CoH,,1, THF, KF, H,0, 0 °C, 8 h, 43%; (iv) LiOH, THF, H,O,
0°C to rt, 4 h; 1 mol/L HCI (to pH 1), 1t, 80%; (v) NaBH,, CaCl,, KOH,
EtOH, 24 h; 1 mol/L HCI (to pH 1), 0 °C; (vi) p-TsOH, benzene, rt, 3 h,
67% for two steps from 54.
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and (+)-tanikolide have appeared in the literature.”> To
demonstrate the synthetic advantage of our hydroxyalkyl-
ation reaction, a short-step total synthesis of (1 )-tanikolide
was carried out (Scheme 5).

Our synthesis commenced with the alkylation of triethyl
phosphonoacetate with methyl 4-bromobutanoate. The
alkylation proceeded smoothly using NaH as the base in
DMSO at 60 °C. The Horner—Wadsworth—-Emmons reaction
of the alkylated phosphonoacetate was performed using
aqueous formaldehyde and potassium carbonate in THF to
yield 52 in 75% yield for two steps. The key hydroxy-
decylation step was then performed. The use of triethyl-
borane as a radical initiator gave hydroxyethylation product
in 11% yield without detection of hydroxydecylation
product 53. The use of tridecylborane® yielded desired
product 53 in 18% isolated and 90% conversion yields. The
use of 2.0 equiv of tridecylborane gave hydroxydecylation
product 53 in 43% yield. The selective saponification of the
methoxycarbonyl group of 53 with LiOH generated
monoester 54 in 80% yield. Finally, the reduction of
monoester 54 with NaBH,/CaCl,/KOH reduction system,25d
followed by the lactonization with p-TsOH, gave (=+)-
tanikolide (67% for two steps). The spectroscopic data of
the synthetic tanikolide were in accord with those reported
previously.”**

3. Conclusion

We have developed a new method of radical hydroxy-
alkylation of a,B-unsaturated esters using alkyl iodides and
trialkylborane in the presence of KF and H,O. The synthetic
advantage of the method was demonstrated by the short-step
total synthesis of (1 )-tanikolide.

4. Experimental
4.1. General

'"H NMR spectra were recorded on a JEOL GSX-270
(270 MHz) or GSX-400 (400 MHz) spectrometer with
CDCl; as the solvent and tetramethylsilane as an internal
standard. '*C NMR spectra were recorded on the
instruments operating at 67.9 or 100.5 MHz with CDCl;
as the solvent and internal standard (6 77.0). IR spectra were
taken on a SHIMADZU FTIR-8700 spectrometer. Mass
spectra (EI'") were obtained on a JEOL JMS-700 mass
spectrometer. Precoated Merck Kieselgel 60 F,s, and Kanto
silica gel 60 (spherical neutral) were used for thin layer
chromatography and flash chromatography, respectively.

For the preparation of 29 and 31, see Ref. 4d. Substrates
21,77 27,78 33,2 35°°, and 37°! were prepared according to
the literature procedures. Substrates 17 and 19 were
purchased from TCI Japan. Iodides 48 and 50 were grezpared
following the procedures reported in the literature.?*>

4.1.1. Ethyl 2-phenethyl-2-propenoate 1. To a suspension
of NaH (220 mg of a 60% dispersion in mineral oil,
5.5mmol) in DMSO (5 mL) was added triethyl phos-
phonoacetate (0.99 mL, 5.0 mmol) at room temperature and

the mixture was stirred for 30 min. (2-Iodoethyl)benzene
(905 mg, 5.0 mmol) was then added dropwise. The reaction
mixture was heated at 60 °C for 2 h. The reaction was
quenched with H,O and the aqueous layer was extracted
with ethyl acetate three times. The combined oraganic
layers were dried over sodium sulfate and the extract was
evaporated. To a solution of the residue in THF (5 mL) were
added aqueous potassium carbonate (1 g dissolved in
2.5 mL of H,0) and aqueous formaldehyde (37%, 5 mL)
and the mixture was heated at 80 °C for 2 h. The product
was extracted with ethyl acetate, and the organic layer was
dried over sodium sulfate and evaporated. The residue was
chromatographed on silica gel to give 1 (673 mg, 66%).
Colorless oil; 'H NMR (400 MHz) 6 1.32 (t, J=7.2 Hz, 3H,
OCH,CH3;), 2.61 (t, J=7.2Hz, 2H, CH,), 2.79 (t, J=
7.2 Hz, 2H, CH,), 4.22, (q, J=7.2 Hz, 2H, OCH,CH3), 5.50
(s, IH, C=CHH), 6.15 (s, 1H, C=CHH), 7.18 (m, 3H,
arom), 7.28 (m, 2H, arom); >*C NMR (100 MHz) ¢ 14.3,
34.0, 35.0, 60.7, 125.0, 125.8, 128.2, 128.4, 140.0, 141.3,
167.0; IR (neat, cm ™~ ') 2931, 1716, 1631, 1497, 1454, 1396,
1257, 1184, 1134, 1029, 945, 818, 748, 698; MS m/z 204
M™, 16%), 158 (23), 130 (33), 91 (100); HRMS calcd for
C,3H,;60, [M ] 204.1150, found 204.1139.

4.1.2. Methyl 2-phenethyl-2-propenoate 5. The hydrolysis
of ester 1 (1.02 g, 5mmol) with 2.0 equiv of sodium
hydroxide in refluxing ethanol gave 2-phenethyl-2-pro-
penoic acid (761 mg, 86%). To a solution of the carboxylic
acid (52 mg, 0.3 mmol) and triphenylphosphine (236 mg,
0.9 mmol) in THF (1.5 mL) were added methanol (18 pL,
0.45 mmol) and diisopropyl azodicarboxylate (59 pL,
0.3 mmol). The mixture was stirred at room temperature
for 5 h. After evaporation of the solvent, the residue was
chromatographed on silica gel to give methyl ester S
(48 mg, 84%). Colorless oil; '"H NMR (400 MHz) 6 2.62 (t,
J=6.8 Hz, 2H, CH,), 2.79 (t, J=6.8 Hz, 2H, CH,), 3.76 (s,
3H, CHs), 5.50 (s, 1H, C=CHH), 6.15 (s, 1H, C=CHH),
7.18 (m, 3H, arom), 7.28 (m, 2H, arom); 13C NMR
(100 MHz) 6 33.9, 34.9, 51.8, 125.3, 125.8, 128.2, 128.4,
139.7, 141.2, 167.4; IR (neat, cm ') 2951, 1720, 1632,
1439, 1199, 1138, 945, 698; MS m/z 190 M ™, 14%), 158
(15), 130 (30), 91 (100); HRMS calcd for C;,H;40, [M ]
190.0994, found 190.0975.

4.1.3. Isopropyl 2-phenethyl-2-propenoate 7. Compound
7 was prepared following the procedure described for S
except for the use of 2-propanol instead of methanol (84%).
Colorless oil; "H NMR (400 MHz, CDCl5) 6 1.26 (d, J=
6.3 Hz, 6H, CH3 X 2), 2.61 (t, J=9.3 Hz, 2H, CH,), 2.78 (t,
J=9.3 Hz, 2H, CH,), 5.09 (septet, J=6.3 Hz, 1H, CH),
5.47 (s, 1H, C=CHH), 6.13 (s, 1H, C=CHH), 7.17-7.31
(m, 5H, arom); '*C NMR (100 MHz, CDCl5) 6 21.9, 34.0,
35.0, 68.0, 124.7, 125.8, 128.2, 128.4, 140.4, 141.4, 166.5;
IR (neat, cm ™ ') 2982, 1712, 1258, 1107, 748, 698; MS m/z
218 (M™, 4%), 176 (26), 130 (25), 91 (100); HRMS calcd
for C14H;50, [M "] 218.1307, found 218.1298.

4.1.4. Phenyl 2-phenethyl-2-propenoate 9. To a solution
of 2-phenethyl-2-propenoic acid (176 mg, 1.0 mmol) and
dicyclohexylcarbodiimide (247 mg, 1.2 mmol) in CH,Cl,
(2 mL) was added phenol (188 mg, 2.0 mmol). The mixture
was stirred at room temperature for 2 days. The reaction was
quenched with 0.5 mol/L HCI aqueous solution and the
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product was extracted with ethyl acetate. The organic layer
was washed with aqueous NaHCO; and dried over sodium
sulfate. After evaporation of the solvent, the residue was
chromatographed on silica gel to give phenyl ester 9
(183 mg, 76%). Colorless oil; '"H NMR (400 MHz, CDCl5)
0 2.73 (t, J=7.3 Hz, 2H, CH,), 2.88 (t, J=7.3 Hz, 2H,
CH,), 5.69 (s, 1H, C=CHH), 6.39 (s, 1H, C=CHH), 7.11
(d, J=7.6 Hz, 2H, arom), 7.18-7.37 (m, 6H, arom), 7.39 (t,
J=8.3 Hz, 2H, arom); '°C NMR (100 MHz, CDCl) 6 34.0,
35.0, 121.5, 125.7, 125.9, 127.1, 128.3, 128.4, 129.3, 139.3,
141.1, 150.7, 165.4; IR (neat, cm™ ') 2928, 1732, 1492,
1195, 1165, 1111, 748, 691; MS m/z 252 (M, 3%), 209
(100), 131 (32), 91 (35); HRMS calcd for C;7H;c0, [M "]
252.1150, found 252.1155.

4.1.5. 2-Methylene-4-phenyl-1-piperidino-1-butanone
11. To a solution of 2-phenethyl-2-propenoic acid (88 mg,
0.5 mmol) in CH,Cl, (2mL) was added triethylamine
(0.1 mL, 0.75 mmol). To the reaction mixture cooled to
0 °C, was added pivaloyl chloride (92 pL, 0.75 mmol) and
the mixture was stirred at the temperature for 1 h. To the
reaction mixture was added a solution of piperidine (74 pL,
0.75 mmol), triethylamine (1 mL) and 4-dimethylamino-
pyridine (49 mg, 0.4 mmol) in CH,Cl, (2 mL) at 0 °C and
the mixture was stirred at room temperature for 6 h. The
reaction was quenched with aqueous ammonium chloride
and the aqueous layer was extracted with ethyl acetate. The
organic layer was dried over sodium sulfate. After
evaporation of the solvent, the residue was chromato-
graphed on silica gel to give amide 11 (107 mg, 88%).
Colorless oil; '"H NMR (400 MHz, CDCls) 6 1.43-1.65 (m,
6H, piperidinyl), 2.61 (t, J=8.7 Hz, 2H, CH,), 2.80 (t, J=
8.7 Hz, 2H, CH,), 3.41 (br, 2H, piperidinyl), 3.59 (br, 2H,
piperidinyl), 5.05 (s, 1H, C=CHH), 5.17 (s, 1H, C=CHH),
7.16-7.30 (m, 5H, arom); ">°C NMR (100 MHz, CDCl5) &
24.6,25.7, 26.6, 33.7, 35.8, 42.4, 48.0, 114.0, 125.9, 128.2
(20), 141.0, 144.3, 170.3; IR (neat, cm ') 2936, 2855,
1616, 1439, 698; MS m/z 243 (M™, 80%), 228 (10), 152
(100), 138 (33); HRMS calcd for C;¢H, NO [M™]
243.1623, found 243.1614.

4.1.6. Ethyl 2-hexylpropenoate 15. Compound 15 was
prepared following the procedure described for 1 except for
the use of hexyl iodide instead of (2-iodoethyl)benzene
(58%). Pale yellow oil; "H NMR (270 MHz) 6 0.89 (t, J=
7.0 Hz, 3H, CH3), 1.30 (t, J=7.0 Hz, 3H, OCH,CH3), 1.22—
1.50 (m, 8H), 2.29 (m, 2H), 4.20 (q, J=7.0 Hz, 2H,
OCH,CHy), 5.50 (s, 1H, C=CHH), 6.11 (s, 1H, C=CHH);
3C NMR (67.8 MHz) 6 14.2, 14.3, 22.7, 28.4, 29.0, 31.7,
31.9,60.5, 124.0, 141.0, 167.2; IR (neat, cm ') 2928, 2858,
1720, 1184, 1153, 1030, 941; MS m/z 184 (M ™", 15%), 139
(39), 115 (100), 102 (69), 87 (66); HRMS calcd for
C1H,00, [M™] 184.1464, found 184.1463.

4.1.7. Diethyl 2-methylenehexanedioate 23. Compound 23
was prepared following the procedure described for 1
except for the use of ethyl 4-bromobutanoate instead of
(2-iodoethyl)benzene (75%). Colorless oil; '"H NMR
(400 MHz) ¢ 1.26 (t, J=7.2 Hz, 3H, OCH,CH3), 1.31 (t,
J=7.2Hz, 3H, OCH,CH3), 1.82 (quintet, J=7.6 Hz, 2H,
CH,CH,CH,) 2.33 (t, /=7.6 Hz, 2H, CH,CH,CH,), 2.37 (t,
J=7.6Hz, 2H, CH,CH,CH,), 4.13 (q, J=7.2 Hz, 2H,
OCH,CH3;), 4.23 (q, J=7.2 Hz, 2H, OCH,CH3), 5.55 (s,

1H, C=CHH), 6.18 (s, 1H, C=CHH); '>C NMR
(67.8 MHz) 6 14.2, 14.3, 23.6, 31.2, 33.6, 60.3, 60.6,
125.0, 139.8, 166.9, 173.2; IR (neat, cm ') 2982, 1732,
1632, 1373, 1180, 1138, 1030, 945, 818; MS m/z 169
(M T —CO,Et, 100%), 140 (94), 112 (73), 95 (56), 67 (85);
HRMS calcd for CoH 305 [MT —OEt] 169.0865, found
169.0869.

4.1.8. Ethyl 2-phenethyl-2-butenoates 25. Compound 15
was prepared following the procedure described for 1 except
for the use of acetaldehyde instead of formaldehyde (64%).
MS m/z 218 (M ™", 14%), 172 (51), 91 (100); HRMS calcd
for C,4H,30, [M "] 218.1306, found 218.1300. Major (E)
isomer. Colorless oil; 'H NMR (270 MHz) ¢ 1.30 (t, J=
7.0 Hz, 3H, OCH,CH3), 1.62 (d, J=7.3 Hz, 3H, CH3), 2.61
(m, 2H, CH,CH,), 2.68 (m, 2H, CH,CH,), 4.19 (q, J=
7.0 Hz, 2H, OCH,CHs), 6.86 (q, J=7.3 Hz, 1H, C=CH),
6.82-7.29 (m, 5H, arom);'’C NMR (67.8 MHz) ¢ 14.0,
14.4, 28.8, 35.2, 60.3, 125.7, 128.1, 128.4, 132.3, 137.8,
141.7, 167.5. Minor (Z) isomer. Colorless oil; 'H NMR
(270 MHz) ¢ 1.32 (t, J=7.0 Hz, 3H, OCH,CHs;), 1.95 (d,
J=17.3 Hz, 3H, CH3), 2.61 (m, 2H, CH,CH,), 2.68 (m, 2H,
CH,CH,), 4.23 (q, J=17.0 Hz, 2H, OCH,CH3), 5.94 (q, J=
7.3 Hz, 1H, C=CH), 6.82-7.29 (m, 5H, arom); "*C NMR
(67.8 MHz) ¢ 14.4, 15.7, 35.8, 36.8, 60.0, 125.7, 128.1,
128.4, 132.1, 137.0, 141.6, 167.7.

4.1.9. Diethyl 2-iodo-2,4-dimethylpentanedioate 48. Pale
yellow oil; MS m/z 297 (MjL —OEt, 20%), 215 (42), 169
(56), 142 (25), 113 (100); HRMS calcd for CoH; 4105
[M™ —OEt] 296.9988, found 297.0033. Major diasteromer.
'"H NMR (400 MHz) 6 1.25 (d, J=7.2 Hz, 3H, CH;), 1.24—
1.32 (m, 6H, OCH,CH5X2), 2.04 (s, 3H, CHj3), 2.26 (dd,
J=2.7,14.9 Hz, 1H, CHH), 2.54 (dd, J=8.8, 14.9 Hz, 1H,
CHH), 2.66 (m, 1H, CH), 4.10-4.25 (m, 4H, OCH,CH;3 X
2); 3C NMR (100 MHz) 6 13.7, 14.2, 19.5, 30.0, 39.1, 39.4,
47.0, 60.7, 62.0, 172.4, 175.8. Minor diasteromer. '"H NMR
(400 MHz) 6 1.18 (d, J=7.2 Hz, 3H, CHj), 1.24-1.32 (m,
6H, OCH,CH;X?2), 2.02 (s, 3H, CH3), 2.37 (m, 1H, CH),
2.45 (m, 1H, CHH), 2.81 (dd, /J=38.3, 14.4 Hz, 1H, CHH),
4.10-4.25 (m, 4H, OCH,CH; X 2); *C NMR (100 MHz) §
13.7, 14.2, 19.1, 30.1, 38.6, 41.3, 47.9, 60.8, 62.0, 172.5,
175.8.

4.1.10. Diethyl 2-hydroxy-2,4-dimethylpentanedioate 49.
IR (neat, cm™ ') 3498, 2985, 2939, 1747, 1458, 1381, 1308,
1199, 1107, 1061, 1030, 964. Less polar major dia-
stereomer. Colorless oil; 'H NMR (400 MHz) 6 1.19 (d,
J=17.1 Hz, 3H, CH;), 1.25 (t, J=7.3 Hz, 3H, OCH,CH;),
1.30 (t, J=7.3 Hz, 3H, OCH,CHs), 1.41 (s, 3H, CH3), 1.70
(dd, J=3.9, 12.4 Hz, 1H, CHH), 2.31 (dd, /=9.1, 12.4 Hz,
1H, CHH), 2.65 (ddt, /=3.9, 9.1, 7.1 Hz, 1H, CH), 3.22 (s,
1H, OH), 4.09 (m, 2H, OCH,CHj;), 4.18 (dq, J=10.8,
7.3 Hz, 1H, OCHHCH3;), 4.22 (dq, /J=10.8, 7.3 Hz, 1H,
OCHHCH3); >C NMR (100 MHz) 6 14.1, 14.2, 19.1, 26.1,
35.1, 43.1, 604, 62.0, 73.5, 176.5, 176.6; MS m/z 187
(M™* —OEt, 7%), 159 (17), 113 (100); HRMS calcd for
CoH,50, [M* —OEt] 187.0970, found 187.0932. More
polar minor diasteromer. Colorless oil; 'H NMR
(400 MHz) o0 1.13 (d, J=7.1 Hz, 3H, CHjy), 1.26 (t, J=
7.3 Hz, 3H, OCH,CHs), 1.31 (t, /=7.3 Hz, 3H, OCH,CH5;),
1.39 (s, 3H, CH3), 1.85 (dd, /=4.4, 14.4 Hz, 1H, CHH),
2.31(dd, J=9.2, 14.4 Hz, 1H, CHH), 2.48 (ddt, J=4.4,9.2,



T. Yajima et al. / Tetrahedron 61 (2005) 10203—10215 10209

7.1 Hz, 1H, CH), 3.33 (s, 1H, OH), 4.13 (q, J=7.3 Hz, 2H,
OCH,CHj3), 4.25 (q, J=17.3 Hz, 2H, OCH,CH3); '*C NMR
(100 MHz) 6 14.1, 14.2, 18.5, 27.0, 36.0, 43.2, 60.4, 62.0,
74.0, 176.7, 176.8; MS m/z 187 (M —OEt, 7%), 159 (17),
113 (100); HRMS calcd for CoH;s0, [M* —OEt]
187.0970, found 187.0932.

4.1.11. Ethyl 2-iodo-2-methylpentanoate 50. Pale yellow
oil; "H NMR (400 MHz) 6 0.97 (t, J=7.3 Hz, 3H, CHy),
1.27 (m, 1H, CHH), 1.29 (t, J=17.3 Hz, 3H, OCH,CH}>),
1.47 (m, 1H, CHH), 2.03 (s, 3H, CHj3), 2.05 (ddd, J=4.8,
11.6, 14.0 Hz, 1H, CHH), 2.14 (ddd, J=5.2, 12.0, 14.0 Hz,
1H, CHH), 4.23 (q, J=7.3 Hz, 2H, OCH,CH3); '>*C NMR
(67.8 MHz) ¢ 13.8, 13.9, 20.9, 30.3, 41.5, 46.8, 61.8, 172.8;
MS m/z 270 M, 1%), 197 (10), 143 (72), 115 (50), 69
(100); CgH,510, [M*]270.0117, found 270.0081.

4.1.12. Ethyl 2-hydroxy-2-methylpentanoate 51. Color-
less oil; "H NMR (400 MHz) 6 0.91 (t,/J=7.2 Hz, 3H, CH3),
1.16 (m, 1H, CHH), 1.30 (t, J=7.2 Hz, 3H, OCH,CH3),
1.39 (s, 3H, CH3), 1.47 (m, 1H, CHH), 1.62 (ddd, J=4.4,
11.6, 13.4 Hz, 1H, CHH), 1.73 (ddd, J=5.2, 12.0, 13.4 Hz,
1H, CHH), 3.16 (s, 1H, OH), 4.23 (q, J=7.2 Hz, 2H,
OCH,CHj3); '>C NMR (67.8 MHz) ¢ 14.3, 14.4, 17.1, 26.2,
42.4, 61.8,74.5, 177.2.

4.2. Radical reactions

General procedure for the hydroxytrifluoromethylation.
To a solution of a-methylene ester (0.15 mmol) in THF
(1.5mL) were added KF (200 mg) and H,O (11 pL,
4 equiv). To the suspension cooled to —30 °C were added
trifluoromethyl iodide (gaseous, ca. 3 equiv) and triethyl-
borane (1.06 mol/mL in hexane; 0.15 mmol, 1 equiv). The
mixture was stirred at room temperature for 6 h. After
filtration, the solvent was evaporated in vacuo. The residue
was purified by flash chromatography on silica gel to give
the product.

General procedure for the hydroxyalkylation with alkyl
iodides other than trifluoromethyl iodide. To a solution
of a-methylene ester (0.15 mmol) in THF (1.5 mL) were
added KF (200 mg) and H,O (11 pL, 4 equiv). To the
suspension cooled to 0°C were added alkyl iodide
(0.45 mmol, 3 equiv) and triethylborane (1.06 mol/mL in
hexane; 0.15 mmol, 1 equiv). The mixture was stirred at
0 °C for 6 h. After filtration, the solvent was evaporated in
vacuo. The residue was purified by flash chromatography on
silica gel to give the product.

4.2.1. Ethyl 4,4,4-trifluoro-2-hydroxy-2-phenethyl-
butanoate 2. Colorless oil; '"H NMR (400 MHz) o 1.32 (t,
J=7.2Hz, 3H, OCH,CH;3), 2.04 (ddd, J=5.6, 12.0,
13.6 Hz, 1H, CHH), 2.05 (ddd, J=5.6, 12.0, 13.6 Hz, 1H,
CHH), 2.49 (ddd, J=5.6, 11.2, 13.6 Hz, 1H, CHH), 2.58
(dq, J=15.2, 10.4 Hz, 1H, CF;CHH), 2.68 (dq, J=15.2,
10.4 Hz, 1H, CF;CHH), 2.81 (ddd, J=5.6, 11.2, 13.6 Hz,
1H, CHH), 3.61 (s, 1H, OH), 4.27 (m, 2H, OCH,CHj),
7.15-7.30 (m, 5H, arom); '>C NMR (100 MHz) 6 14.1,29.3,
41.5, 423 (q, Jc_r,=27.3 Hz, CF;CH,), 62.8, 73.3 (q,
Je_r=2.8 Hz, CF;CH,C), 125.2 (q, Jc_.p=276.2 Hz, CFj),
126.1, 128.3, 128.4, 140.6, 174.1; IR (neat, cm ') 3514,
3028, 1736, 1605, 1497, 1454, 1369, 1273, 1242, 1196,

1134, 1076, 1014, 895, 702; MS m/z 290 (M ™, 3%), 217
(10), 186 (100), HRMS calcd for C14H17F303 [M+]
290.1130, found 290.1158.

4.2.2. Methyl 4,4,4-trifluoro-2-hydroxy-2-phenethyl-
butanoate 6. Colorless oil; '"H NMR (400 MHz) 6 2.03
(m, 2H, CH,), 2.42 (ddd, /=5.9, 11.7, 13.7 Hz, 1H, CHH),
2.59 (dq, J=15.1, 10.2 Hz, 1H, CF;CHH), 2.63 (dq, J=
15.1, 10.2 Hz, 1H, CF;CHH), 2.82 (ddd, /J=5.9, 10.7,
13.7 Hz, 1H, CHH), 3.57 (s, 1H, OH), 3.79 (s, 3H, Me),
7.14-7.30 (m, 5H, arom); '>*C NMR (100 MHz) 6 29.3, 41.4,
42.6 (q, JC—F:273 HZ, CF3CH2), 534, 73.5 (q, Jc,]::
1.8 Hz, CF;CH,C), 125.1 (q, Jc_.p=276.2 Hz, CF3), 126.1,
128.3, 128.4, 140.5, 174.6; IR (neat, cm ™ ') 3524, 2959,
1736, 1458, 1273, 1130; MS m/z 276 (M ™, 3%), 217 (10),
172 (100), 91 (72); HRMS caled for C;3H;sF;05 [M ']
276.0973, found 276.0955.

4.2.3. Isopropyl 4,4,4-trifluoro-2-hydroxy-2-phenethyl-
butanoate 8. Colorless oil; 'H NMR (400 MHz) 6 1.31 (d,
J=6.3 Hz, 3H, CHs), 1.32 (d, J=6.3 Hz, 3H, CHj), 2.01
(m, 2H, CH,), 2.39 (ddd, J=6.0, 12.3, 13.2 Hz, 1H, CHH),
2.55 (dq, J=15.2, 10.8 Hz, 1H, CF;CHH), 2.67 (dq, J=
15.2, 10.8 Hz, 1H, CF;CHH), 2.79 (ddd, J=6.0, 10.7,
13.2 Hz, 1H, CHH), 3.62 (s, 1H, OH), 5.14 (sep, J=6.3 Hz,
1H, CH), 7.13-7.30 (m, 5H, arom); >°C NMR (100 MHz) 6
21.5, 21.9, 294, 42.0, 42.5 (q, Jc_r=27.3 Hz, CF;CH,),
71.0, 73.3, 125.2 (q, Jc_.p=276.2 Hz, CF;), 126.4, 128.3,
128.5, 140.7, 173.6; IR (neat, cm™ ') 3512, 2986, 1732,
1377, 1273, 1200, 1134, 1103, 698; MS m/z 217 (M " —
CO,i-Pr, 10%), 158 (15), 158 (15), 105 (23), 91 (100);
HRMS caled for C;H;,F;0 M1 —CO,i-Pr] 217.0841,
found 217.0840.

4.2.4. Phenyl 4,4,4-trifluoro-2-hydroxy-2-phenethyl-
butanoate 10. Colorless oil; 'H NMR (400 MHz) 6 2.16
(ddd, /=49, 12.2, 13.7 Hz, 1H, CHH), 2.28 (ddd, J=4.9,
13.7, 13.7 Hz, 1H, CHH), 2.61 (ddd, J=5.2, 13.2, 13.2 Hz,
1H, CHH), 2.73 (dq, J=15.2, 10.4 Hz, 1H, CF;CHH), 2.89
(dq, J=15.2, 10.4 Hz, 1H, CF;CHH), 2.94 (m, 1H, CHH),
3.56 (s, 1H, OH), 7.07 (d, J=7.6 Hz, 2H, arom), 7.21-7.33
(m, 6H, arom), 7.43 (t, J=7.2 Hz, 2H, arom); >°C NMR
(100 MHz) 6 29.5, 41.8, 42.7 (q, Jc_.p=27.3 Hz, CF;CH,),
73.8 (q, Jc_.p=2.7 Hz, CF3CH,(C), 120.9, 122.5 (q, Jc-
r=276.2 Hz, CF;), 126.3, 126.6, 128.3, 128.7, 129.7,
140.4, 150.0, 173.0; IR (neat, cm~ ') 3511, 1759, 1493,
1269, 1192, 1165, 1126, 748, 698; MS m/z 217 (M ™ —
CO,Ph, 2%), 133 (10), 105 (21), 94 (87), 91 (100);
HRMS caled for C,;H;,F;0 [M* —CO,Ph] 217.0841,
found 217.0831.

4.2.5. 4,4,4-Trifluoro-2-hydroxy-2-phenethyl-1-piper-
idino-1-butanone 12. Colorless oil; '"H NMR (400 MHz)
0 1.57-1.77 (m, 6H, piperidine), 2.10 (m, 2H, CH,), 2.41
(ddd, J=6.0, 11.2, 13.6 Hz, 1H, CHH), 2.62 (dq, J=16.0,
10.4 Hz, 1H, CF;CHH), 2.67 (dq, J=16.0, 10.4 Hz, 1H,
CF;CHH), 2.86 (ddd, J=6.0, 11.2, 14.0 Hz, 1H, CHH),
3.55 (br, 4H, piperidine), 5.41 (s, 1H, OH), 7.15-7.33 (m,
5H, arom); '*C NMR (100 MHz) ¢ 24.3, 25.4, 25.8, 29.6,
41.3, 43.1 (q, Jc_.p=27.5 Hz, CF;CH,), 72.9, 125.3 (q,
Jc_r=277.2 Hz, CF3), 126.0, 128.3, 128.4, 141.0, 170.4; IR
(neat, cm ™ ") 3344, 2939, 2858, 1627, 1454, 1269, 1126,
698. MS m/z329 M, 1%), 225 (69), 113 (28), 112 (38), 91
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(100); HRMS caled for C;7H,F3NO, [M*] 329.1603,
found 329.1593.

4.2.6. 3-Hydroxy-5-phenyl-3-(2,2,2-trifluoroethyl)tetra-
hydrofuran-2-ones 14. Colorless oil; IR (neat, cm_')
3433, 1778, 1379, 1333, 1261, 1194, 1142, 1016, 961, 700;
MS m/z 260 M ™, 4%), 217 (10), 216 (89), 133 (56), 105
(100); HRMS calcd for C,H;,F505 [M "] 260.0660, found
260.0669. Major diastereomer. "H NMR (270 MHz) 6 2.68
(dq, J=16.8, 10.8 Hz, 1H, CF;CHH), 2.51 (dd, J=38.9,
14.0 Hz, 1H, CHH), 2.72 (dq, J=16.8, 10.8 Hz, 1H,
CF;CHH), 2.91 (s, 1H, OH), 3.05 (dd, /=6.5, 14.0 Hz,
1H, CHH), 5.45 (dd, J=6.5, 8.9 Hz, 1H, CHPh), 7.14-7.32
(m, 5H, arom); '*C NMR (100 MHz) 6 40.2 (q, Je_p=
28.2 Hz, CF;CH,), 42.4, 73.1, 78.3, 124.8 (q, Jc_g=
277.0 Hz, CF;), 125.7, 128.8, 129.0, 137.5, 176.5. Minor
diastereomer. "H NMR (270 MHz) 6 2.29 (dd, J=10.0,
13.8 Hz, 1H, CHH), 2.52 (dq, J=16.6, 10.0 Hz, 1H,
CF;CHH), 2.55 (s, 1H, OH), 2.85 (m, 1H, CF;CHH), 2.88
(dd, J=5.1, 13.8 Hz, 1H, CHH), 5.73 (dd, J=5.1, 10.0 Hz,
1H, CHPh), 7.14-7.32 (m, 5H, arom); '*C NMR (100 MHz)
0 39.9 (q, Jc_.p,=27.4 Hz, CF3CH,), 43.5, 73.5 (q, Jc_p=
2.4 Hz, CFzCH,C), 79.9, 125.2 (q, Jc_r=277.0 Hz, CF3),
1254, 125.7, 128.8, 137.4, 175.2.

4.2.7. Ethyl 2-hydroxy-2-(2,2,2-trifluoroethyl)octanoate
16. Colorless oil; 'H NMR (270 MHz) 6 0.87 (m, 3H, CH5),
1.08 (m, 1H), 1.29 (m, 6H), 1.31 (t, J=7.3 Hz, 3H,
OCH,CH3), 1.43 (m, 1H), 1.68 (m, 2H), 2.56 (dq, /= 14.9,
10.5 Hz, 1H, CF;CHH), 2.63 (dq, J=14.9, 10.5 Hz, 1H,
CF;CHH), 3.48 (s, 1H, OH), 4.29 (q, J=7.3 Hz, 2H,
OCH,CHj3); '°C NMR (67.8 MHz) 6 14.06, 14.09, 22.5,
28.9, 29.1, 31.6, 39.9, 42.4 (q, Jc_.r=26.8 Hz, CF;CH,),
626, 73.6 (q, JC—F:2'2 Hz, CF@CHzC), 125.3 (q, Jc_]::
278.3 Hz, CF;), 174.3; IR (neat, cm ™ ') 3487, 2959, 2932,
2860, 2349, 1738, 1454, 1369, 1261, 1198, 1146, 1103,
1018. MS m/z 225 (M —OEt, 18%), 197 (100), 179 (56);
HRMS calcd for C;gH;¢F30, [M* —OEt] 225.1103, found
225.1099.

4.2.8. Dimethyl 2-hydroxy-2-(2,2,2-trifluoroethyl)
butanedioate 18. Colorless oil; 'H NMR (270 MHz) 6
2.63 (q, J=5.3 Hz, 2H, CH,CFj3), 2.79 (d, J=10.9 Hz,
1H, CHH), 2.95 (d, /=10.9 Hz, 1H, CHH), 3.71 (s, 3H,
CH,), 3.86 (s, 3H, CH3), 3.95 (s, 1H, OH); '*C NMR
(100 MHz) 6 42.2 (q, Jc_.p=27.5Hz, CF3CH,), 43.2,
52.2, 53.6, 71.8 (q, Jc_.p,=2.7 Hz, CF;CH,C), 124.7 (q,
Jc_g=276.8 Hz, CF;), 169.9, 173.1; IR (neat, cm )
3498, 2959, 1751, 1732, 1447, 1146, 1126, 964; MS m/z
185 M* —CO,Me, 100%), 153 (93), 111 (75); HRMS
caled for C¢HgF305 [MT —CO,Me] 185.0425, found
185.0397.

4.2.9. Diethyl 2-hydroxy-2-(2,2,2-trifluoroethyl)butane-
dioate 20. Colorless oil; 'H NMR (270 MHz) 6 1.26 (t, J=
6.8 Hz, 3H, OCH,CH3), 1.32 (t, /=6.8 Hz, 3H, OCH,CHj;),
2.63 (q, J=5.3 Hz, 2H, CH,CF3), 2.75 (d, J=15.6 Hz, 1H,
CHH), 2.93 (d, J=15.6 Hz, 1H, CHH), 3.97 (s, 1H, OH),
4.15 (q,J=6.8 Hz, 2H, OCH,CH3), 4.31 (q, J=6.8 Hz, 2H,
OCH,CH3); *C NMR (100 MHz) 6 13.9, 14.1, 42.2 (q,
Jc_r=28.2 Hz, CF3CH,), 43.5, 61.2, 62.9, 71.8 (q, Jc_r=
2.3 Hz, CF;CH,C), 122.6 (q, Jc_.p=265 Hz, CF3), 169.4,
172.7; IR (neat, cm~ ") 3502, 2986, 1740, 1373, 1200, 1165,

1138; MS m/z 199 (M* —CO,Et, 76%), 153 (100), 111
(46), HRMS calcd for C7H10F303 [1\/[+ _C02Et] 1990582,
found 199.0592.

4.2.10. Diethyl 2-hydroxy-2-(2,2,2-trifluoroethyl)
pentanedioate 22. Colorless oil; '"H NMR (270 MHz) &
1.25 (t, J=17.2 Hz, 3H, OCH,CH3), 1.32 (t, J=7.2 Hz, 3H,
OCH,CH3), 2.08 (m, 2H, CH,CF3), 2.20 (ddd, /=54, 9.7,
15.6 Hz, 1H, CHH), 2.49 (ddd, J=6.8, 9.7, 15.6 Hz, 1H,
CHH), 2.55 (dq, J=15.1, 10.2 Hz, 1H, CF;CHH), 2.69 (dq,
J=15.1,10.2 Hz, 1H, CF;CHH), 3.57 (s, 1H, OH), 4.15 (q,
J=17.2 Hz, 2H, OCH,CH3), 4.27 (dq, J=10.8, 7.2 Hz, 1H,
OCHHCHs;), 4.32 (dq, /=10.8, 7.2 Hz, 1H, OCHHCH3);
3C NMR (100 MHz) 6 14.0, 14.2, 28.2, 34.5, 42.4 (q,
Jc_r=27.2 Hz, CF3CH,), 60.7, 63.0, 72.8 (q, Jc_.p=2.5 Hz,
CF;CH,C), 125.0 (q, Jc_.p=275 Hz, CF3), 172.5, 173.8; IR
(neat, cm ") 3500, 1986, 1736, 1373, 1273, 1242, 1192,
1134, 1018; MS m/z 241 (M* —OEt, 13%), 213 (32), 167
(100); HRMS calcd for CoH;,F304 [M ™ — OEt] 241.0687,
found 241.0697.

4.2.11. Diethyl 2-hydroxy-2-(2,2,2-trifluoroethyl)hexane-
dioate 24. Colorless oil; 'H NMR (270 MHz) 61.25 (t, J=
7.2 Hz, 3H, OCH,CHs), 1.32 (t, J=7.2 Hz, 3H, OCH,CH5),
1.81 (m, 2H, CH,CH,CF3), 2.30 (m, 4H, CH, X 2), 2.54 (dq,
1H, J=15.2, 10.4 Hz, CF;CHH), 2.66 (dq, 1H, J=15.2,
10.4 Hz, CFsCHH), 3.51 (s, 1H, OH), 4.12 (q, J=7.2 Hz,
2H, OCH,CHj;), 4.29 (dq, J=10.6, 7.2Hz, 1H,
OCHHCH;), 4.31 (dq, /=10.6, 7.2 Hz, 1H, OCHHCH3);
3C NMR (100 MHz) ¢ 14.1, 14.3, 18.5, 33.8, 39.0, 42.3 (q,
Jc_r=26.4 Hz, CF3CH,), 60.4, 62.8, 73.8 (q, Jc_.p,=2.5 Hz,
CF;CH,C), 125.2 (q, Jc_.p=274 Hz, CF3), 172.7, 174.1; IR
(neat, cm ™~ ') 3499, 2986, 1732, 1373, 1261, 1188, 1134,
1026; MS m/z 255 (M™ —OEt, 20%), 227 (33), 181 (100),
153 (52), HRMS calcd for C10H14F304 [M+ _OEt]
255.0844, found 255.0859.

4.2.12. Ethyl 4,4,4-trifluoro-2-hydroxy-3-methyl-2-
phenethylbutanoates 26. Colorless oil; IR (neat, cm™ ")
3530, 2988, 1732, 1450, 1254, 1188, 1134, 1011, 746; MS
mlz 304 (M™, 62%), 231 (100), 200 (97), 172 (96), 152 (95),
133 (92); HRMS calcd for CsH;oF505 [M "] 304.1287,
found 304.1325. Major diastereomer. '"H NMR (400 MHz)
6 1.16 (d, J=7.2 Hz, 3H, CHj3), 1.34 (t, J=7.2 Hz, 3H,
OCH,CH3), 2.14 (ddd, J=5.6, 13.6, 13.6 Hz, 1H, CHH),
2.20 (ddd, J=4.6, 13.2, 13.2 Hz, 1H, CHH), 2.32 (ddd, J=
5.6, 13.6, 13.6 Hz, 1H, CHH), 2.66 (m, 1H, CF;CH), 2.81
(ddd, J=4.6, 13.2, 13.2 Hz, 1H, CHH), 3.62 (s, 1H, OH),
4.27 (ql, J=7.2Hz, 2H, OCH,CH3), 7.15-7.30 (m, 5H,
arom); °C NMR (100 MHz) 6 9.9, 14.2, 30.2, 38.9, 45.2 (q,
Jc_p=24.7Hz, CF;CH,), 62.8, 77.0, 127.0 (q, Jcr=
275.5 Hz, CF3), 126.0, 128.3, 128.4, 140.9, 174.2. Minor
diastereomer. '"H NMR (400 MHz) 6 1.27 (d, J=7.2 Hz,
3H, CHy), 1.36 (t, J=7.2 Hz, 3H, OCH,CHs;), 1.89 (ddd,
J=5.2,12.8, 12.8 Hz, 1H, CHH), 2.07 (ddd, J=4.8, 13.2,
13.2 Hz, 1H, CHH), 2.28 (ddd, J=5.2, 12.8, 12.8 Hz, 1H,
CHH), 2.73 (m, 1H, CF;CH), 2.76 (ddd, J=4.8, 13.2,
13.2 Hz, 1H, CHH), 3.43 (s, 1H, OH), 4.29 (q, J=7.2 Hz,
2H, OCH,CH3), 7.14-7.32 (m, 5H, arom); *C NMR
(100 MHz) 6 8.2, 14.2, 29.5, 39.1, 45.1 (q, Jc_r=24.1 Hz,
CF;CH,), 62.7, 75.6, 126.8 (q, Jc_g=275.5Hz, CF3),
126.1, 128.3, 128.4, 140.9, 174.8.
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4.2.13. Ethyl 2-(benzyloxyphenylmethyl)-4,4,4-trifluoro-
2-hydroxybutyrate 28. Colorless oil; MS m/z 258 (M ™" —
OH-OBn, 6%), 197 (65), 91 (100); HRMS calcd for C;3H;3
F;0, [M" —OH-OBn] 258.0868, found 258.0847. Major
diasteromer. "H NMR (400 MHz) ¢ 1.23 (t, J=6.8 Hz, 3H,
CH3), 2.60 (dq, J=15.2, 10.4 Hz, 1H, CF;CHH), 2.60,
(ddg, J=0.8, 15.2, 10.4 Hz, 1H, CF;CHH), 3.63 (d, J=
0.8 Hz, 1H, OH), 4.13 (dq, J=10.0, 6.8 Hz, 1H,
OCHHCHs;), 4.14 (d, J=12.4 Hz, 1H, Bn), 4.30 (dq, J=
10.0, 6.8 Hz, 1H, OCHHCH3), 4.45 (s, 1H, CH), 4.49 (d,
J=12.4 Hz, 1H, Bn), 7.09-7.45 (m, 10H, arom); '>°C NMR
(100 MHz) 6 14.0, 39.1 (q, Jc_r=28.2 Hz, CF;CH,), 62.7,
70.5, 76.4 (q, Jc_p=3.2 Hz, CF3CH,CH,), 83.5, 125.3, (q,
Je_r=233.4 Hz, CF;), 127.8, 128.0, 128.3, 128.4, 129.0,
129.1, 134.7, 137.0, 172.6. Minor diasteromer. '"H NMR
(400 MHz) 6 1.18 (t, J=6.8 Hz, 3H, CHj3), 2.60 (m, 1H,
CF;CHH), 3.12, (dq, J=15.6, 10.8 Hz, 1H, CF;CHH), 3.33
(s, 1H, OH), 4.18 (m, 2H, OCH,CH3), 4.20 (d, J=12.4 Hz,
1H, Bn), 4.43 (s, 1H, CH), 4.57 (d, J=12.4 Hz, 1H, Bn),
7.09-7.45 (m, 10H, arom).

4.2.14. Ethyl 4,4,4-trifluoro-2-hydroxy-2-(2-methoxy-2-
phenylethyl)butanoates 30. Less polar major diastereomer
(2R,2'R*). Clear cubic crystal; mp 86 °C (from hexane/
diethyl ether, 10:1); 'H NMR (270 MHz) o6 1.36 (t, J=
7.0 Hz, 3H, OCH,CH3), 1.86 (dd, J=2.2, 14.3 Hz, 1H,
CHH), 2.28 (dd, /=10.8, 14.3 Hz, 1H, CHH), 2.45 (dq, /=
15.1, 10.3 Hz, 1H, CF;CHH), 2.66 (dq, J=15.1, 10.3 Hz,
1H, CF;CHH), 3.07 (s, 3H, OCH3), 3.93 (s, 1H, OH), 4.29
(m, 1H, OCHHCH3), 4.30 (m, 1H, OCHHCH3), 4.41 (dd,
J=1.9, 10.5 Hz, 1H, CH), 7.25-7.37 (m, 5H, arom); '*C
NMR (67.8 MHz) 6 14.0, 43.0 (q, Jc_.p=26.8 Hz, CF;CH,),
48.3, 56.7, 62.5, 71.2 (q, Jc_.p,=2.2 Hz, CF;CH,C), 78.2,
125.1 (q, Jc_.p=269.4 Hz, CF3), 126.2, 127.7, 128.4, 141.3,
174.2; IR (KBr, cm~ ") 3500, 2964, 1734, 1454, 1273, 1194,
1134, 1015, 961, 920, 895, 827, 750; MS m/z 320 M ™", 1%),
289 (35), 257 (86), 215 (100); HRMS calcd for C;sHoF;04
[M*] 320.1235, found 320.1209. Crystallographic data
have been deposited at the Cambridge Crystallographic
Data Center (CCDC). CCDC reference number 195916.
More polar minor diastereomer (25*,2' R*) Colorless oil; 'H
NMR (270 MHz) 6 1.33 (t, J=7.0 Hz, 3H, OCH,CH;), 2.01
(dd, J=3.2, 14.6 Hz, 1H, CHH), 2.19 (dd, /=9.7, 14.6 Hz,
1H, CHH), 2.68 (m, 2H, CF;CH,), 3.19 (s, 3H, OCHs), 4.24
(m, 2H, OCH,CH3), 4.32 (dd, J=3.2,9.7 Hz, 1H, CH), 4.73
(s, 1H, OH), 7.24-7.39 (m, 5H, arom); *C NMR
(67.8 MHz) ¢ 14.2, 42.5 (q, Jc_r=27.4 Hz, CF;CH,),
47.0, 56.4, 62.1, 74.1 (q, Jc_.p,=2.2 Hz, CF;CH,C), 81.4,
125.2 (q, Jc_.p=277.8 Hz, CF3), 126.3, 128.1, 128.6, 140.2,
173.6; IR (neat, cm~ ) 3500, 2951, 1738, 1456, 1367, 1271,
1234, 1190, 1138, 1099, 1024, 853, 760, 702; MS m/z 320
M™, 1%), 289 (35), 257 (86), 215 (100); HRMS calcd for
CsH1oF50,4 [M ] 320.1235, found 320.1250.

4.2.15. Ethyl 2-(2-benzyloxy-2-phenylethyl)-4,4,4-tri-
fluoro-2-hydroxybutanoates 32. Less polar major dia-
stereomer (2R*,2'R*). Colorless oil; '"H NMR (270 MHz) ¢
1.11 (t, J=73Hz, 3H, OCH,CH3), 1.90 (dd, J=2.2,
14.3 Hz, 1H, CHH), 2.38 (dd, J=10.5, 14.3 Hz, 1H, CHH),
242 (dq, J=14.9, 10.3 Hz, 1H, CF;CHH), 2.61 (dq, J=
14.9,10.3 Hz, 1H, CF;CHH), 3.79 (dq, J/=10.3, 7.0 Hz, 1H,
OCHHCH;), 3.94 (s, 1H, OH), 4.01 (dq, /J=10.3, 7.0 Hz,
1H, OCHHCHs;), 4.13 (d, /=10.5 Hz, 1H, OCHHPh), 4.28

(d, J=10.5 Hz, 1H, OCHHPh), 4.68 (dd, J=2.2, 10.5 Hz,
1H, CH), 7.25-7.37 (m, 10H, arom); >°C NMR (67.8 MHz)
6 13.7, 43.1 (q, Jc_p=27.3 Hz, CF;CH,), 48.0, 62.3, 70.9,
71.4 (q, Je_p=2.8 Hz, CF;CH,(), 76.2, 125.1 (q, Jor=
277.2 Hz, CF;), 126.4, 127.6, 127.8, 128.0, 128.4, 128.6,
137.6, 141.4, 174.2; IR (neat, cmfl) 3487, 2964, 1732,
1360, 1306, 1271, 1198, 1232, 1163, 1140, 1094, 1024, 754,
700; MS m/z 305 (M —Bn, 24%), 244 (31), 215 (89), 186
(100); HRMS caled for C4H;¢F504 [MT —Bn] 305.1001,
found 305.0989. More polar minor diastereomer
(25*,2'R*). Colorless oil; '"H NMR (270 MHz) ¢ 1.30 (t,
J=17.0 Hz, 3H, OCH,CHs), 2.06 (dd, J=3.2, 14.6 Hz, 1H,
CHH), 2.27 (dd, J=10.3, 14.6 Hz, 1H, CHH), 2.67 (q, J=
10.3 Hz, 2H, CF;CH,), 4.20 (m, 2H, OCH,CH3), 4.24 (d,
J=10.6 Hz, 1H, OCHHPh), 4.35 (d, J=10.6 Hz, 1H,
OCHHPh), 4.54 (dd, J=3.2, 10.3 Hz, 1H, CH), 4.67 (s,
1H, OH), 7.25-7.37 (m, 10H, arom); '*C NMR (67.8 MHz)
0 14.1, 44.8 (q, Jc_p=27.3 Hz, CF;CH,), 47.0, 62.1, 71.0,
74.1 (q, Je_p=2.8 Hz, CF;CH,C), 79.4, 125.1 (q, Jop=
277.2 Hz, CF3), 126.6, 128.0, 128.2, 128.3, 128.5, 128.8,
137.0, 140.5, 173.7; IR (neat, cm~ ') 3514, 2978, 2858,
1732, 1456, 1371, 1271, 1141, 1093, 1024, 748, 700; MS
mlz 305 (M1 —Bn, 9%), 244 (11), 215 (24), 186 (100);
HRMS caled for C4H;sF30, [MT —Bn] 305.1001, found
305.0989.

4.2.16. 1,2:5,6-Di-O-isopropylidene-np-glucosyl 4,4,4-tri-
fluoro-2-hydroxy-2-methylbutanoate 34. IR (neat, cm ™)
3472, 2989, 1740, 1373, 1188, 1153, 1026, 849, 733; MS
miz 399 (M1 —CHj;, 23%), 127 (35), 101 (100); HRMS
caled for C;¢HpF;0g5 [MT —Me] 399.1266, found
399.1284. Less polar diastereomer. Colorless oil; 'H
NMR (400 MHz) ¢ 1.28 (s, 3H, CH3), 1.32 (s, 3H, CHj3),
1.39 (s, 3H, CH3), 1.50 (s, 3H, CH53), 1.53 (s, 3H, CHj3), 2.59
(dq, J=15.1, 10.2 Hz, 1H, CFsCHH), 2.69 (dq, J=15.1,
10.2 Hz, 1H, CF;CHH), 3.98 (m, 1H, OCH), 4.17 (m, 3H,
OCH, OCH,), 4.49 (d, J=4.0 Hz, 1H, OCH), 5.34 (d, J=
4.0 Hz, 1H, OCH), 5.86 (d, J=4.0 Hz, 1H, OCH); '*C NMR
(100 MHz) 6 25.2, 26.2, 26.7, 26.8, 27.3, 42.8 (q, Jc_p=
27.3 Hz, CF3CH,), 67.9, 71.1 (q, Jc_.,=2.8 Hz, CF;CH,C(),
72.3,78.2, 80.0, 82.4, 105.1, 109.5, 112.6, 125.1 (q, Jc_p=
301.8 Hz, CF5), 173.7. More polar diastereomer. Colorless
oil; "H NMR (400 MHz) ¢ 1.29 (s, 3H, CH3), 1.32 (s, 3H,
CHs), 1.40 (s, 3H, CH3), 1.51 (s, 3H, CH3), 1.53 (s, 3H,
CHy), 2.57 (dq, J=10.2, 15.2 Hz, 1H, CF;CHH), 2.73 (dq,
J=10.2, 15.2 Hz, 1H, CF;CHH), 3.99 (m, 1H, OCH), 4.17
(m, 3H, OCH, OCH,), 4.49 (d, J=4.0 Hz, 1H, OCH), 5.27
(d, J=4.0 Hz, 1H, OCH), 5.89 (d, /J=4.0 Hz, 1H, OCH);
13C NMR (100 MHz) § 24.9, 26.3, 26.7, 26.8, 31.6, 42.9 (q,
Je_r=27.4Hz, CF;CH,), 67.8, 71.4 (q, Jc_r=2.8 Hz,
CF;CH,(0), 72.3, 78.4, 80.0, 83.0, 105.0, 109.6, 112.6,
125.3 (q, Jc_r=298.0 Hz, CF;), 173.6.

4.2.17. (1R,2S,5R)-5-Methyl-2-(1-methylethyl)cyclohexyl
4,4,4-trifluoro-2-hydroxy-2-methylbutanoate 36. Color-
less oil; IR (neat, cm_l) 3504, 2959, 2874, 1732, 1458,
1369, 1304, 1192, 1150, 1076, 949; MS m/z 227 M ™" —
CH,CFs;, 6%), 139 (53), 83 (100); HRMS calcd for
C13H305 [M' —CH,CF;] 227.1648, found 227.1594.
Less polar diastereomer. Colorless oil; 'H NMR
(400 MHz) ¢ 0.75 (d, J=6.8 Hz, 3H, CHs3), 091 (d, J=
6.0 Hz, 3H, CH5), 0.92 (d, /=6.0 Hz, 3H, CH3), 0.96-1.09
(m, 4H), 1.47 (s, 3H, CH3), 1.49 (m, 1H), 1.81 (m, 2H), 1.85
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(m, 1H), 2.02 (m, 1H), 2.51 (dq, J=14.8, 10.4 Hz, 1H,
CF;CHH), 2.66 (dq, J=14.8, 10.4 Hz, 1H, CF;CHH), 3.46
(s, IH, OH), 4.74 (dt, J=4.4, 9.6 Hz, 1H, OCH); °C NMR
(100 MHz) 6 15.9, 21.1, 22.1, 23.1, 26.2, 27.4, 31.4, 34.2,
40.1, 42.6 (q, Jo_r=28.0 Hz, CF;CH,), 46.9, 71.1, 77.3,
125.0 (q, Jc_g=285.1 Hz, CF3), 174.4. More polar
diastereomer. Colorless oil; '"H NMR (400 MHz) o6 0.74
(d, J=6.8 Hz, 3H, CH;), 0.90 (d, J=6.0 Hz, 3H, CH3), 0.92
(d, J=6.0 Hz, 3H, CH3), 0.96-1.09 (m, 4H), 1.46 (s, 3H,
CHs), 1.49 (m, 1H), 1.73 (m, 2H), 1.85 (m, 1H), 2.02 (m,
1H), 2.56 (dq, J=14.8, 10.4 Hz, 1H, CF;CHH), 2.72 (dq,
J=14.8,10.4 Hz, 1H, CF;CHH), 3.50 (s, |H, OH), 4.78 (dt,
J=44, 9.6 Hz, 1H, OCH); *C NMR (100 MHz) 6 15.7,
20.9,22.1,23.0,26.0,27.4,31.5,34.2, 40.3, 42.8 (q, Jo_r=
28.0 Hz, CF;CH,), 47.0, 71.1, 77.3, 125.0 (q, Jer=
285.1 Hz, CF3), 174.5.

4.2.18. (1R,2S,5R)-5-Methyl-2-(1-methyl-1-phenylethyl)
cyclohexyl 4,4,4-trifluoro-2-hydroxy-2-methylbutanoate
38. IR (neat, cm ™~ ') 3502, 2959, 1728, 1188, 1153, 702; MS
mlz 267 (M —C(CH3),Ph, 3%), 214 (10), 119 (100);
HRMS calcd for C,H,sF505 [M* —C(CH;),Ph] 267.1208,
found 267.1239. Less polar diastereomer. Colorless oil; 'H
NMR (400 MHz) ¢ 0.90 (d, J=6.3 Hz, 3H, CH3), 0.99 (m,
2H, CH,), 1.16 (s, 3H, CH3), 1.19 (m, 1H), 1.22 (s, 3H,
CHs), 1.30 (s, 3H, CH3), 1.50 (m, 1H), 1.71 (m, 1H), 1.82
(m, 1H), 1.97 (m, 1H), 2.11 (dq, J=15.1, 10.7 Hz, 1H,
CF;CHH), 2.20 (s, 1H, OH), 2.26 (dq, J=15.1, 10.7 Hz, 1H,
CF;CHH), 2.27 (m, 1H), 4.83 (dt, J=4.4, 10.3 Hz, 1H,
OCH), 7.26 (m, 2H, arom), 7.33 (m, 3H, arom); '*C NMR
(100 MHz) 6 21.8, 23.8, 26.5, 26.6, 29.6, 31.3, 34.6, 39.5,
40.7, 42.0 (q, Jc_.r=27.4Hz, CF;CH,), 49.2, 71.4 (q,
Jc_p=2.7Hz, CF;CH,C), 77.9, 125.1, 125.2, 126.8 (q,
Jor=298.1 Hz, CF3), 128.3, 151.9, 173.3. More polar
diastereomer. Colorless oil; 'H NMR (400 MHz) ¢ 0.89 (d,
J=6.4 Hz, 3H, CH3), 0.97 (m, 2H, CH,), 1.14 (m, 1H), 1.17
(s, 3H, CH3), 1.22 (s, 3H, CH3), 1.31 (s, 3H, CHj3), 1.49 (m,
1H), 1.69 (m, 2H), 1.98 (m, 1H), 2.21 (m, 1H), 2.29 (dq, /=
15.1, 10.7 Hz, 1H, CF3CHH), 2.40 (dq, J=15.1, 10.7 Hz,
1H, CF;CHH), 2.65 (s, 1H, OH), 4.87 (dt, J=4.4, 10.3 Hz,
1H, OCH), 7.19 (m, 2H, arom), 7.30 (m, 3H, arom); '°C
NMR (100 MHz) ¢ 21.8, 25.5, 26.4, 26.9, 28.3, 31.4, 34.5,
39.7, 40.8, 42.1 (q, Jc_.,=27.3 Hz, CF5CH,), 49.5, 71.3 (q,
Jc_r=2.7Hz, CF;CH,C), 78.2, 125.2, 125.4, 126.7 (q,
Jc_r=320.9 Hz, CFy), 128.2, 151.3, 173.8.

4.2.19. Ethyl 4,4,5,5,5-pentafluoro-2-hydroxy-2-phene-
thylpentanoate 39. Colorless oil; '"H NMR (400 MHz) 6
1.31 (t, J=6.8 Hz, 3H, OCH,CHs3), 2.07 (m, 2H, CH,), 2.44
(m, 1H, CHH), 2.57 (m, 1H, CHH), 2.66 (m, 1H, CHH),
2.81 (ddd, 1H, J=5.8, 10.7, 13.6 Hz, CHH), 3.63 (s, 1H,
OH), 4.21 (dq, J=10.7, 6.8 Hz, 1H, OCHHCH3;), 4.30 (dq,
J=10.7,6.8 Hz, 1H, OCHHCH,;), 7.14-7.30 (m, 5H, arom);
3C NMR (100 MHz) 6 14.1, 29.3, 38.1 (t, Jc_r=19.2 Hz,
CF2CH2), 420, 628, 73.4 (t, Jc_]:zl.g HZ, CFQCHQC),
126.1, 128.3, 128.4, 140.6, 174.2; IR (neat, cm ') 3524,
2986, 1740, 1238, 1196, 1146, 702; MS m/z 340 M ™, 3%),
267 (11), 236 (100), 208 (53), 91 (63); HRMS calcd for
C,sH7Fs05 [M ] 340.1098, found 340.1107.

4.2.20. Ethyl 4,4,5,5,6,6,7,7,8,8,9,9,9-tridecafluoro-2-
hydroxy-2-phenethylnonanoate 40. Colorless oil; 'H
NMR (400 MHz) ¢ 1.31 (t, J=6.8 Hz, 3H, OCH,CH5),

2.06 (m, 2H, CH,), 2.44 (ddd, J=6.4, 9.8, 12.0 Hz, 1H,
CHH), 2.55 (m, 1H, CHH), 2.71 (m, 1H, CHH), 2.82 (m,
1H, CHH), 3.87 (s, 1H, OH), 4.22 (dq, J=10.8, 6.8 Hz, 1H,
OCHHCH,), 4.31 (dq, J=10.8, 6.8 Hz, 1H, OCHHCHj),
7.15-7.30 (m, 5H, arom); >*C NMR (100 MHz) 6 14.0, 29.2,
39.0 (t, Jc_r=20.1 Hz, CF,CH,), 42.1, 62.8, 73.6, 126.1,
128.3, 128.4, 140.5, 174.2; IR (neat, cm™ ') 3526, 2932,
2986, 1736, 1331, 1196, 1138, 1018, 748, 698; MS m/z 467
M™ —CO,EL, 3%), 436 (26), 408 (14), 361 (2), 91 (7), 58
(100); HRMS caled for C,¢H2F;30 [M T —CO,Et]
467.0681, found 467.0665.

4.2.21. Ethyl 4,5,5,5-tetrafluoro-2-hydroxy-2-phenethyl-
4-trifluoromethylnonanoate 41. Colorless oil; '"H NMR
(400 MHz) ¢ 1.31 (t, J=7.2 Hz, 3H, OCH,CHs), 2.05 (m,
2H, CH,), 2.41 (ddd, J=6.0, 6.0, 13.6 Hz, 1H, CHH), 2.52
(dd, J=15.6, 24.4 Hz, 1H, CFCHH), 2.73 (dd, 1H, J=8.2,
15.6 Hz, CFCHH), 2.81 (ddd, J=5.6, 5.6, 13.6 Hz, 1H,
CHH), 3.63 (s, 1H, OH), 4.24 (dq, J=13.2, 7.2 Hz, 1H,
OCHHCHs;), 4.25 (dq, /J=13.2, 7.2 Hz, 1H, OCHHCH3;),
7.14-7.30 (m, 5H, arom); 13C NMR (100 MHz) 6 14.0,29.3,
36.6 (d, Jc_r=20.1 Hz, CFCH,), 42.1,62.9,73.5 (d, Jc_g=
3.7 Hz, CFCH,CH,), 126.1, 128.3, 128.4, 140.5, 174.0; IR
(neat, cm ") 3530, 2932, 1740, 1231, 1188, 1161, 1130,
698; MS m/z 390 M ™, 3%), 317 (13), 286 (100), 258 (45),
91 (51); HRMS caled for Ci¢H;7F,05; [M1] 390.1066,
found 390.1083.

4.2.22. Diethyl 2-hydroxy-2-phenylethylpentanedioate
42. Colorless oil; 'H NMR (400 MHz) ¢ 1.25 (t, J=
7.2 Hz, 3H, OCH,CHs), 1.30 (t, J="7.2 Hz, 3H, OCH,CH;),
1.98 (ddd, J=5.6, 12.0, 14.0 Hz, 1H, CHH), 2.05 (m, 1H,
CHH), 2.08 (m, 2H, CH,), 2.21 (ddd, J=5.6, 9.6, 15.6 Hz,
1H, CHH), 2.43 (ddd, J=5.2, 12.0, 14.0 Hz, 1H, CHH),
2.47 (ddd, J=6.0, 9.6, 15.6 Hz, 1H, CHH), 2.80 (ddd, J=
5.2,12.0, 14.0 Hz, 1H, CHH), 3.45 (s, 1H, OH), 4.12 (q, J=
7.2Hz, 2H, OCH,CHj), 4.20 (q, J=7.2Hz, 2H,
OCH,CHj), 7.17 (m, 3H, arom), 7.27 (m, 2H, arom); '°C
NMR (100 MHz) ¢ 14.2, 14.3, 28.9, 30.0, 34.1, 40.9, 60.5,
62.2, 76.2, 125.8, 128.2, 128.3, 128.4, 173.1, 175.9; IR
(neat, cm ™~ ') 3510, 2982, 2936, 1732, 1454, 1373, 1245,
1188, 1118, 1026, 702; MS m/z 263 (M — OEt, 8%), 235
(43), 204 (90), 189 (100), 158 (82); HRMS calcd for
CysH90, [MT —OEt] 263.1283, found 263.1237.

4.2.23. Ethyl 4-chrolo-2-hydroxy-2-phenethylbutanoate
43. Colorless oil; 'H NMR (400 MHz) 6 1.32 (t, J=7.4 Hz,
3H, OCH,CH3), 1.96 (ddd, J=5.4 12.2, 13.7Hz, 1H,
CHH), 2.08 (ddd, J=5.4, 13.7, 13.7 Hz, 1H, CHH), 2.21
(ddd, J=4.9, 7.8, 13.7 Hz, 1H, CHH), 2.30 (m, 1H, CHH),
2.41 (ddd, J=4.9, 11.7, 11.7 Hz, 1H, CHH), 2.78 (ddd, /=
49, 11.7, 11.7 Hz, 1H, CHH), 3.51 (s, 1H, OH), 3.56 (m,
1H, CHH), 3.62 (ddd, /=4.9, 8.7, 11.7 Hz, 1H, CHH), 4.23
(q, J=7.4 Hz, 2H, OCH,CH3), 7.15-7.30 (m, 5H, arom);
13C NMR (100 MHz) 6 14.3, 29.7, 39.4, 41.4, 41.8, 62.5,
75.4, 126.0, 128.3, 128.4, 141.0, 175.7; IR (neat, cm_l)
3531, 2932, 1732, 1454, 1246, 4496, 745, 698; MS m/z 199
(M —CO,Et, 11%), 197 (33), 168 (24), 166 (70), 168 (24),
105 (12), 91 (100); HRMS caled for C;;H;4CIO M —
CO,Et] 197.0734, found 197.0713.

4.2.24. Ethyl 2-hydroxy-4-iodo-2-phenethylbutanoate
44. Colorless oil; '"H NMR (400 MHz) 6 1.32 (t, J=7.3 Hz,
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3H, OCH,CHs), 1.96 (ddd, J=4.9, 11.2, 13.7Hz, 1H,
CHH), 2.03 (ddd, J=5.3, 11.2, 13.7 Hz, 1H, CHH), 2.37 (m,
3H, CH,, CHH), 2.77 (ddd, J=53, 11.2, 13.7 Hz, 1H,
CHH), 2.98 (ddd, J=5.9, 9.8, 11.7 Hz, 1H, CHH), 3.25
(ddd, J=4.9, 9.8, 11.7 Hz, 1H, CHH), 3.44 (s, 1H, OH),
422 (q, J=7.3 Hz, 2H, OCH,CHy), 7.14-7.29 (m, 5H,
arom); °C NMR (100 MHz) 6 —2.9, 14.3,29.8, 40.7, 43.8,
62.5,77.8, 126.0, 128.3, 128.4, 141.0, 175.3; IR (neat, cm ')
3445, 2928, 1728, 1454, 1246, 1188, 1018, 748, 698; MS
miz 289 (M —CO,Et, 7%), 258 (24), 105 (22), 91 (100);
HRMS calcd for C;H,,I0 [M* —CO,Et] 289.0090, found
289.0107.

4.2.25. Ethyl 2-hydroxy-2-phenethylpentanoate 45.
Colorless oil; '"H NMR (400 MHz). ¢ 0.90 (t, J=7.3 Hz,
3H, CHj3), 1.13 (m, 1H, CHH), 1.30 (t, J=6.8 Hz, 3H,
OCH,CH3), 1.51 (m, 1H, CHH), 1.66 (ddd, J=5.2, 11.7,
13.6 Hz, 1H, CHH), 1.73 (ddd, J=5.2, 13.6, 13.6 Hz, 1H,
CHH), 1.97 (ddd, J=5.6, 11.7, 14.0 Hz, 1H, CHH), 2.05
(ddd, J=5.6, 14.0, 14.0 Hz, 1H, CHH), 2.41 (ddd, J=5.3,
11.7, 11.7 Hz, 1H, CHH), 2.80 (ddd, J=5.3, 11.7, 13.6 Hz,
1H, CHH), 3.33 (s, 1H, OH), 4.20 (m, 2H, OCH,CHs),
7.15-7.29 (m, 5H, arom); '*C NMR (100 MHz) 6 14.3, 14.4,
16.9,30.1,41.1,41.7,61.9,77.1, 125.8, 128.3, 128.4, 141.7,
176.6; IR (neat, cm ™~ ') 3517, 2959, 1724, 1454, 1267, 1184,
698. MS m/z 177 (M™ —CO,Et, 66%), 146 (63), 91 (100);
HRMS calcd for C,H;70 [MT —CO,Et] 177.1279, found
177.1270.

4.2.26. Ethyl 2-hydroxy-4-methyl-2-phenethylpentano-
ate 46. Colorless oil; '"H NMR (400 MHz) ¢ 0.84 (d, J=
6.8 Hz, 3H, CH3), 0.95 (d, /=6.8 Hz, 3H, CH3), 1.31 (t, /=
7.3 Hz, 3H, OCH,CH3;), 1.68 (m, 2H, CHH, CH), 1.78 (m,
1H, CHH), 1.94 (ddd, J=5.4, 11.7, 13.2 Hz, 1H, CHH),
2.02 (ddd, J=5.4,11.7, 13.2 Hz, 1H, CHH), 2.38 (ddd, /=
54, 11.7, 13.2 Hz, 1H, CHH), 2.78 (ddd, J=5.4, 11.7,
13.2 Hz, 1H, CHH), 3.34 (s, 1H, OH), 4.21 (q, /=6.8 Hz,
2H, OCH,CHj;), 7.15-7.31 (m, 5H, arom); '*C NMR
(100 MHz) ¢ 14.3, 23.3, 24.3, 24.5, 29.9, 42.3, 47.8, 61.9,
77.2, 125.8, 128.2, 128.3, 141.6, 177.1; IR (neat, cm ™)
3524, 2959, 1720, 1454, 1227, 1184, 748, 698; MS m/z 191
M* —CO,Et, 41%), 160 (40), 91 (100); HRMS calcd for
Cy3H;90 [M™ —CO,Et] 191.1436, found 191.1433.

4.2.27. Ethyl 4,4,4-trifluoro-2-hydroperoxy-2-phenethyl-
butanoate 47. Colorless oil; "H NMR (400 MHz) ¢ 1.33 (t,
J=7.2Hz, 3H, OCH,CH3), 2.17 (ddd, J=5.2, 12.0,
14.4 Hz, 1H, CHH), 2.27 (ddd, /=5.2, 12.0, 14.4 Hz, 1H,
CHH), 2.61 (ddd, J=5.2, 12.0, 13.6 Hz, 1H, CHH), 2.71
(ddd, J=5.2, 12.0, 13.6 Hz, 1H, CHH), 2.77 (dq, J=15.6,
11.2 Hz, 1H, CF;CHH), 2.96 (dq, /J=15.6, 11.2 Hz, 1H,
CF;CHH), 4.28 (m, 2H, OCH,CHj3;), 7.15-7.30 (m, 5H,
arom) 9.10 (s, 1H, OOH); '*C NMR (100 MHz) 6 14.2,
29.7, 35.9, 36.8 (q, Jc_.p=29.2 Hz, CF3CH,), 62.4, 84.9 (q,
Je_r=1.8 Hz, CF;CH,C), 125.0 (q, Jc_r=276.2 Hz, CF3),
126.3, 128.2, 128.5, 140.3, 171.0; IR (neat, cm ') 3422,
2939, 1736, 1454, 1373, 1265, 1184, 1142, 1049, 864, 702;
MS m/z 306 M ™, 1%), 186 (19), 91 (100); HRMS calcd for
C,4H,,F30, [M "] 306.1079, found 306.1074.

4.3. Total synthesis of (1 )-tanikolide

4.3.1. 1-Ethyl 6-methyl 2-methylenehexanedioate 52.

Compound 52 was prepared following the procedure
described for 1 except for the use of methyl 4-bromo-
butanoate instead of (2-iodoethyl)benzene (75%). Colorless
oil; '"H NMR (400 MHz) 6 1.26 (t, J=7.2 Hz, 3H,
OCH,CH3), 1.30 (t, J=7.4Hz, 3H, OCH,CH;) 1.83
(quintet, J=7.4Hz, 2H, CH,CH,CH,) 2.34 (m, 4H,
CH,CH,CH,), 3.67 (s, 3H, CHj3), 4.21 (q, J=7.4 Hz, 2H,
OCH,CHy), 5.55 (s, 1H, C=CHH), 6.17 (s, 1H, C=CHH),
3C NMR (67.8 MHz) 6 14.2, 23.6, 31.2, 33.4, 51.5, 60.6,
125.0, 139.8, 166.8, 173.6; IR (neat, cm ') 2982, 2955,
1716, 1632, 1439, 1369, 1180, 1138, 1026, 949; MS m/z 169
(M™ —OMe, 40%), 155 (45), 154 (76), 126 (80), 67 (100);
HRMS caled for CoH 305 [MT —OMe] 169.0865, found
169.0883.

4.3.2. 1-Ethyl 6-methyl 2-hydroxy-2-undecylhexane-
dioate 53. Compound 53 was prepared following the
general procedure of hydroxyalkyration (43%). Colorless
oil; "H NMR (400 MHz) 6 0.88 (t, J=6.8 Hz, 3H, CH3),
1.25 (m, 16H, CH, X 8), 1.31 (t, J="7.8 Hz, 3H, OCH,CH3),
1.46 (m, 2H, CH,), 1.64 (m, 4H, CH, X?2), 1.78 (m, 2H,
CH,), 2.31 (m, 2H, CH,), 3.24 (s, 1H, OH), 3.66 (s, 3H,
OCHs), 4.25 (g, J=7.8 Hz, 2H, OCH,CH3); *C NMR
(100 MHz) ¢ 14.2, 14.3, 19.3, 22.7, 23.4, 29.4, 29.5, 29.5,
29.6, 29.7, 29.7, 32.0, 34.0, 38.6, 39.3, 51.5, 61.9, 77.1,
173.6, 176.5; IR (neat, cm ') 3528, 2924, 2855, 1728,
1462, 1180, 1022. MS m/z 271 (M* —CH,CH,CO,Me,
18%), 253 (100), 225 (58); HRMS calcd for Ci¢H303
[M* —CH,CH,CO,Me] 271.2273, found 271.2284.

4.3.3. 1-Ethyl 6-hydrogen 2-hydroxy-2-undecylhexane-
dioate 54. To a solution of diester 53 (30 mg, 0.08 mmol) in
THF (0.5 mL) were added LiOH-H,0 (5 mg, 0.12 mmol)
and H,O (0.5mL) at 0°C. The reaction mixture was
allowed to stand at room temperature for 20 h and then
acidified with 1 mol/L HCl to attain pH 1. The mixture was
extracted with ethyl acetate, and the organic layer was dried
over anhydrous sodium sulfate and evaporated. The residue
was chromatographed on silica gel to give monoester 54
(22 mg, 80%). Colorless oil; '"H NMR (400 MHz) ¢ 0.88 (t,
J=6.8 Hz, 3H, CH3), 1.25 (m, 16H, CH, X8), 1.30 (t, J=
7.2 Hz, 3H, OCH,CHj3), 1.46 (m, 2H, CH,), 1.65 (m, 4H,
CH,X2), 1.79 (m, 2H, CH,), 2.35 (m, 2H, CH,), 4.25 (q,
J=7.2Hz, 2H, OCH,CH,); '*C NMR (100 MHz) 6 14.2,
14.3, 19.0, 22.7, 23.4, 29.4, 29.5, 29.6, 29.6, 29.7, 29.7,
32.0, 33.8, 38.4, 39.4, 61.9, 77.2, 176.5, 178.5; IR (neat,
em ') 3532, 2920, 2847, 1721, 1697, 1466, 1180; MS m/z
271 M* —CH,CH,CO,H, 22%), 253 (100), 225 (68);
HRMS caled for C,;¢H;5,0; [M'—CH,CH,CO,H]
271.2273, found 271.2294.

4.3.4. (*)-Tanikolide. To a solution of 54 (50 mg,
0.15 mmol) in ethanol (3 mL) were added a solution of
KOH (34 mg, 0.6 mmol) in ethanol (0.6 mL) and CaCl,
(133 mg, 1.2 mmol) in ethanol (0.6 mL). The mixture was
cooled to 0°C, and then a suspension of NaBH, (46 mg,
1.2 mmol) in ethanol (0.5 mL) was added. The mixture was
allowed to stand at room temperature for 17 h, and then
acidified with 1 mol/L. HCI at 0 °C to attain pH 1. After
evaporation of ethanol, the residue was extracted with
CH,Cl, for three times. The combined organic layers were
dried over sodium sulfate and the extract was evaporated.
To a solution of the residue in benzene (3 mL) was added
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p-toluenesulfonic acid monohydrate (19 mg, 0.1 mmol) and
the mixture was stirred at room temperature for 3 h. After
evaporation of the solvent, the residue was chromato-
graphed on silica gel to give (£ )-tanikolide (28 mg, 67%).
Colorless oil; '"H NMR (400 MHz) ¢ 0.88 (t, J=6.8 Hz, 3H,
CHs), 1.25 (m, 18H, CH, X9), 1.61-1.97 (m, 6H, CH, X 3),
2.48 (m, 2H, CH,), 3.55 (d, J=11.6 Hz, 1H, CHHOH), 3.66
(d, J=11.6 Hz, 1H, CHHOH); '*C NMR (100 MHz) 6 14.3,
16.8,22.8, 23.6,26.7, 29.4, 29.55, 29.63, 29.69, 29.71, 29.9,
30.1, 32.0, 36.6, 67.6, 86.4, 171.3; IR (neat, cm ') 3419,
2925, 2853, 1732, 1243, 1048; MS m/z 253 (M —CH,OH,
100%), 225 (86), 129 (27); HRMS calcd for C;4H»90,
[M* —CH,OH] 253.2167, found 253.2162.
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Abstract—Atom-transfer radical cyclization (ATRC) and addition (ATRA) catalyzed by a coordinatively unsaturated diruthenium
amidinate complex 4, [(1°-CsMes)Ru(ji,-i-PtN=C(Me)Ni-Pr)Ru(n’-CsMes)] ", are investigated, and their features are compared with
those of atom-transfer radical polymerization (ATRP). As an example of ATRC, a cationic diruthenium amidinate 4 is found to exhibit
excellent catalytic reactivity for the cyclization of N-allyl a-halogenated acetamides including an alkaloid skeleton at ambient temperature.
A catalytic species generated in situ from a halide complex, (n°-CsMes)Ru(pp-i-PrN=C(Me)Ni-Pr)Ru(n’-CsMes)(X) [X=ClI, Br] and
sodium salts of weakly coordinating anions such as NaPFs and NaBPh, also shows high catalytic activity; this actually provides a solution for
a problematic instability of 4 as the practical catalyst. The in situ-generated catalyst species 4 is also active towards the intermolecular ATRA
of a,a,y-trichlorinated y-lactam with alkenes at rt to afford the corresponding a-alkylated y-lactams in moderate yields. Examination of
ATRP of methyl methacrylate (MMA) showed that both the isolated 4 [Y =PF¢] and in situ-generated 4 [Y =PF¢] are effective for the
polymerization of MMA in the presence of 2-bromoisobutylate as the initiator. Use of the isolated catalyst results in controlled
polymerization at initial stage of the reaction; in contrast, the polymerization with in situ-generated catalyst produces poly(MMA) with wide
molecular weight distribution. The isolated catalyst 4 is powerful for the activation of a C—Br bond of macromolecule initiators;
BrCMe,CO,[O(CH,)4],,-n-Bu (M, =3800; M,,/M,=1.2) initiated ATRP of MMA even at 25 °C to afford the poly(THF)-poly(MMA) block
copolymer of M,=26,000 and M,/M,=1.2 with the aid of 4. The roles of the coordinatively unsaturated ruthenium species for these
reactions are discussed.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Atom-transfer radical reaction (ATRR) has now become
one of the most important carbon—carbon bond-forming
reactions, which is utilized for synthetic organic chemistry
and polymer synthesis.' Atom transfer radical addition
(ATRA) has long been known as a typical carbon—carbon
bond forming reactions involving radical intermediates, and
catalysis of certain metal salts and complexes are
investigated since the report by Asscher and Vofsci in
1961.% Our discovery of copper-catalyzed cyclizations of
allyl trichloroacetates and N-allyltrichloroacetamides™
offered a research field of transition metal-catalyzed atom-
transfer radical cyclization (ATRC), which have afforded

Keywords: Amidinate; Coordinatively unsaturated complex; Polymeriz-

ation; Radical Cyclization; Ruthenium.
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unique synthetic methods for carbo- and heterocycles
including macrolide and alkaloid skeletons.* Elaborations
to extend ATRA to polymerization, that is, transition metal-
catalyzed atom-transfer radical polymerization (ATRP), by
Matasjewsky and Sawamoto have provided methods for
well-controlled radical polymerization,” and numerous
studies using ATRP have been published in recent several
years.® From the organometallic point-of-view, it should be
noted that requirement of high reaction temperatures is a
general disadvantage of ATRR, especially in the reactions
involving activation of less reactive carbon—halogen bonds.
This could be solved by development of efficient catalysts,
and success of CuCl(bipyridine) catalyst system, which was
reported for an efficient catalyst for ATRC in 1989 and for
ATRP in 1995,%" suggests that investigation to seek for new
and efficient catalyst for ATRR is still important.

In this paper, we wish to report our studies to develop new
catalysts for ATRR, in which coordinatively unsaturated
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Scheme 1. Atom-transfer radical reactions with transition metal complex:
(i) ATRA; (ii) ATRC; (iii) ATRP.

organometallic species with appropriate redox potentials act
as efficient catalysts. ATRR is generally explained by the
schemes shown in Scheme 1. The atom-transfer reaction of
organic halides (R—X) with transition metals (M) proceeds
via the redox mechanism involving a [R—X:--M] complex
as an intermediary species, and the formal oxidation state of
the metal species is increased by one, and M—-X is formed by
the halogen abstraction.” In the [R-X---M] complex, M has
to be coordinatively unsaturated, and thus, use of isolated
coordinatively unsaturated complexes as the catalyst could
facilitate the production of [R—X:--M], which subsequently
undergoes atom transfer process to produce the radical
species (R") to initiate the reaction. If the M has appropriate
redox potential, the catalytic cycle illustrated in Scheme 1
could be successfully operated.

As part of our studies in this line, we have recently
developed two ruthenium amidinates, (n°-CsMes)Ru(ami-
dinate) 1 having 16 valence electrons and (nS-CSMeS)-
Ru(amidinate)Cl 2 bearing 17 valence electrons
[amidinate=i-Pr—N=C(Me)Ni-Pr].8 Actually, these
complexes 1 and 2 behaved as efficient catalysts for the
cyclization of N-allyl- and N-vinyltrichloroacetamides.®
Despite the potential utility of the ruthenium amidinates 1

and 2 for this type of cyclization, it was problematic that
these complexes are sensitive to air and moisture and
difficult to handle. To overcome this instability problem of
the catalyst, we were interested in isolable coordinatively
unsaturated diruthenium amidinate 4 bearing 34 valence
electrons to ATRR, which can be facilely generated in situ
from air- and moisture stable diruthenium amidinates 3.°
Scope of these diruthenium amidinates as catalysts for
ATRC and ATRA is described in relation to the low-
temperature activation of organic halides and stereochemi-
cal outcomes of the reactions, and their performance is
compared with that for ATRP'Y (Chart 1).

W%

/ i Pr\N \ >~clI
-Pr—N N i-Pr \=
Y N~ipr
Me Me
1 2
/% x\ /% x\ @
' Ru\?I?u\X Ru—Ru
FPr=N N FPr=N_ O N
i-Pr ~i-Pr
Me Me YO
3a: X =ClI 4: YO = weakly coordinating anions
b: X =Br

Chart 1.

2. Results and discussion

2.1. Redox potential of diruthenium amidinate
complexes 3 and 4

As reported previously, the neutral diruthenium amidinates
(3a: X=Cl, 3b: X=Br) can be prepared from 2 equiv of
lithium N, N/ d11sopropylacetarn1d1nate and [(n°-CsMes)-
RuX], in THF at ambient temperature ? The characteristic
feature of the neutral diruthenium amidinates 3 is that a
halide ligand on 3 reversibly dissociates i in dichloromethane
forming coordinatively unsatulated [(n -CsMes)Ru(,-i-
PrN=C(Me)Ni- Pr)Ru(n -CsMes)] T(X7) complex 4,
where X=Cl or Br. Interestingly, such dissociation of
halides could not be observed in THF or aromatic solvents
such as benzene or toluene.”® The isolable cationic
complexes 4 with weakly coordinating anions can be easily
synthesized by treatment of 3 with silver or sodium salts of
the corresponding anions in dichloromethane as dark purple
solids, and their coordinatively unsaturated structures were
determined by X-ray diffraction.”® Cyclic voltammograms
of 3a (X=Cl) and 4 [Y=BF,] in THF showed a quasi-
reversible one electron oxidation wave (3a E,,=—002V,

—0.08 V; 4: E,,=—0.002 V, E, OOSVVSA%/
Ag at the scan rate of 0.1 V/s) due to the Ru"/Ru™
oxidation process.

It is known that CuCl/bipyridine catalyst stably exists as a
chlorine-bridged dimer, however, it dissociates to a
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coordinatively unsaturated monomer with 16 valence
electrons, which initiates ATRR.'" As reported earlier, the
monoruthenium amidinate, 1 is also a 16-electron complex,
being active for ATRR, t00.5¢ The redox potentials for
CuCl/bipyridine in THF is E,,=+0.03V, E,.=—0.13V
[Cu'/Cu"], whereas that of 1 is E,,=—0.32V, E,.=
—0.46 V [Ru"/Ru"]; E,,=+0.53V [Ru"/Ru'V]. The
coordinatively unsaturated nature and the redox potential
close to CuCl/bipyridine suggested that the cationic
diruthenium amidinate 4, which showed coordinatively
unsaturation and have redox potential similar to CuCl(bipy),
is a good candidate for new catalysts of ATRR; 4 could form
the [R—X--~Runz] intermediate in contact with organic
halides, and subsequent electron transfer from the
ruthenium species to the organic halides leads to the
formation of R and Ru,—X.

2.2. Atom-transfer radical cyclization

As we expected, the reaction of N-allyl-N-benzyltrichloro-
acetamide Sa catalyzed by the isolated 4 [Y =B(C¢Fs)4] was
proved to proceed smoothly at 25 °C to afford 6a in 94%
yield within 30 min (Table 1, entry 1). The reaction of 5a
was also catalyzed by 10 mol% of 3a (X=Cl), though it was
slower than that with 4 (entry 2). Coordinatively unsaturated
species 4 reversibly formed from air stable 3 in CH,Cl,
should be the active catalyst species. Generation of 4 was
assisted by addition of silver or sodium salts of weakly
coordinating anions (Y ) to the reaction with 3; in fact, the
color of the reaction mixture gradually turns from brown to
dark purple. Thus, the catalytic cyclizations of Sa with a 1:1
molar ratio of 3a and AgY (Y=BF, and PFy) were
accomplished within 1 h to form the corresponding lactam
in high yields (entries 3 and 4). Sodium salts of weakly
coordinating anions were more effective as the activator of 3
than the silver salts; cyclization of 5a was complete within
30 min to give the cyclized product 6a in quantitative yield
(entries 5 and 6). The choice of solvents is crucial for the
efficient generation of the active species, which affected the
chemical yield of the product (entries 7-9). Dichloro-
methane is the best solvent so far; the rate of cyclization was

Table 1. Radical cyclization of Sa (all reactions were carried out using
0.2 mmol of 5a and 10 mol% of catalyst in 1.5 mL of solvent at 25 °C)

Cl cl
ClsC f catalyst (10 mol%) C'i—(
O)\l}l 25°C Y
Bn Bn
5a 6a
Entry  Catalyst Solvent Time (h) Yield (%)
1 4 [Y =B(CgFs)4] CH,Cl, 0.5 94
2 3a CH,Cl, 4 30
3 3a+AgBF, CH,Cl, 1 98
4 3a+ AgPFq CH,Cl, 1 90
5 3a+NaPFq CH,Cl, 0.5 >99
6 3a+NaBPhy CH,Cl, 0.5 >99
7 3a+NaBPhy Benzene 0.5 38
8 3a+NaBPhy THF 0.5 37
9 3a+NaBPhy CH;CN 0.5 <5
10 1 Toluene 4 85
11 2 Toluene 4 88
12 CuCl+ Bipy CH,Cl, 0.5 >99

remarkably slow in benzene due to the low solubility of the
sodium salts, whereas the low rates in MeCN suggtests
deactivation of the catalytic species 4 by coordination of
MeCN to the active metal center.'? In THF, the cyclization
of Sa almost stopped within 1 h and some unidentified
organic compounds were obtained as by-products. Com-
parison of the reaction rate with that using CuCl(bipy), 1,
and 2 is shown in entries 10-12, suggesting that catalytic
activity of the cationic complex 4 is comparable to the
conventional CuCl-bipyridine catalyst, and even higher than
that using the mononuclear amidinate complexes 1 and 2.

A series of N-allyl a-trichloroacetamide derivatives Sa—d
was subjected to cyclization with 10 mol% of 3 and the
anioic activator in dichloromethane at 25 °C. The reactions
gave the desired product in quantitative yields except the
case of N-phenyl derivative Sc (Table 2, entries 1-5).
Although the mononuclear ruthenium amidinates 1 and 2
were not efficient for the cyclization of N-tosyl derivateve
5b (rt, 4 h; 31% for 1 and 0% for 2, respectively), the
cationic diruthenium amidinate 4 catalyzed the cyclization
effectively to give the y-lactam 6b in quantitative yield
(entry 2). The reactions of acetamides Sb and Sd proceeded
smoothly to give the corresponding products in high yields
even at low catalyst loadings (1-2.5 mol%) (entries 3 and
5). This catalyst system was also effective for the
cyclization of o-monobromoacetamide Se and the y-bro-
molactam 6e was obtained in 94% yield (entry 6).

Table 2. Radical cyclization of N-allylpoliharoacetamides Sa—e (all
reactions were carried out using 0.2 mmol of 5, 10 mol% of 3 and sadium
salts in 1.5 mL of CH,Cl, at 25 °C)

Entry  Substrate Time Product Yield
(h) (%)
= Cl o]
0”7 °N
1 ‘Z 0.5 O ’\\l >99
S5a: Z=Bn yd
6a: Z=Bn
2 Sb: Z=Ts 0.5 6b: Z=Ts >99
3% Sb: Z=Ts 3 6b: Z=Ts 92
4 Sc¢: Z=Ph 1 6¢c: Z=Ph 52
5° 5d: Z=allyl 1 6d: Z=allyl >99
6 o~ N 4 0=y 94
Ts !
Ts
Se 6o

# Catalyst (1 mol%) was used.
b Catalyst (2.5 mol%) was used.

The efficiency of 3/NaPFq or NaBPh, as the catalyst
eventually led to two important aspects in the y-lactam
synthesis by ATRC. First, the pyrrolidizine alkaloid
precursor 6f'> was obtained in high yield as the sole
product (1R,7aS) by the reaction of optically active 5f'*
with this catalyst system (Table 3, entry 1). It is noteworthy
that the catalyst efficiency in this particular substrate is
much higher than that with the copper catalysts; the reaction
reportedly promoted by a stoichiometric amount of CuCl in
MeCN at 160 °C,13a whereas the reaction with a catalytic
amount of CuCl/bipyridine system took place at 80 °C
(entry 4). In sharp contrast, the reaction with 3a in the
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Table 3. Cyclization of 5f by copper or ruthenium catalysts

10219

CkC N .
N |
OAD catalyst (30 mol%) 1) | 1 H
5 2 6f

Entry Catalyst Solvent Conditions Yield (%) Trans/cis*
1 3a+NaPFq CH,Cl, rt,3h 90 0:100
2 1 Benzene rt, 13 h 90 0:100
3 2 Benzene rt,3h 85 0:100
4 CuCl/bipy CICH,CH,Cl 80°C,2h 97 0:100

* Determined by 'H NMR analysis.

presence of NaPF¢ proceeded at rt similar to those with 1 or
2 as shown in entries 2 and 3.*

It is well known that radical cyclization of w-olefinic
haloamides at low temperatures has a problem of low yields
of the product due to high rotational barrier (16-22 kcal/
mol) of the C—N bond in the amide function."* As shown
in Scheme 2, there are two possible rotamers, anti-5f and
syn-5f, and anti-5f is the rotamer unfavorable for the
cyclization. Preliminary DFT caluculations'® suggest that
there is no substantial energy difference between two
rotamers (0.87 kcal/mol; B3LYP/6-311+ +G(2d,p)//
B3LYP/6-31G(d) level); this rules out the assumption
from simple molecular model consideration of 5f that
anti-5f may predominantly exist in solution because of
substantial steric repulsion between the CCl; and the vinyl
groups. Calculations of radical intermediates A indicates
that the cyclization proceeds through a reaction pathway
involving change of hybridization of the nitrogen atom from
sp2 (A) to sp3 (B and C) prior to the carbon—carbon bond
formation (Scheme 2). The resulting sp>-hybridized cyclic
radical species has four possible isomers, cis-B, trans-B,
cis-C, and trans-C. Although cis-B is only the transition
state capable of cyclization, the cis-orientation of the
dichloroacetyl radical moiety to the vinyl group produces
substantial steric repulsion between them, which is the most
serious in cis-B. The reason of the slow copper-catalyzed

P PN

07> cel Cl,c” Yo "CCly
anti-5f syn-5f A
cis-B trans-B
H .
CCl,
cl H@ —2 H o
N |>| :}\N ff
o ><o = '\@
Cl ol *CCl,

i ! !
:}:@ . ﬁzécb

N
>—cCly

(0]

cis-C trans-C

Scheme 2. The conformation of 5f in the cyclization.

cyclization of 5f can be attributed to the fact that cis-B is a
thermodynamically less favorable transition state. A clue
to understand the success of ruthenium amidinates for the
low-temperature cyclization of 5f is oxophilic nature
of ruthenium amidinates, in particular that of catinic
diruthenium amidinates, which could provide their coordi-
nation to the oxygen atom in the transition state B. As shown
in the Scheme 3, the coordination makes cis-B to be a more
favorable transition state than cis-C.

H ; H ;
‘e, O IR =~ ,,o}\CCI2
[Rup]*
cis-B-[Ruy]* cis-C-[Ru,]*
favorable unfavorable

Scheme 3. The conformatin of [Ru,] " -coordinated cis-B and cis-C.

The second merit for the use of in situ generated 4 is high
catalytic activity for the cyclization of an N-allyl-a,a-
dichloroacetamide 5g (Table 4). It is known that 5¢g is a less
reactive substrate than the trichlorinated homologue in the
ATRC. In fact, with the conventional CuCl/bipy system, it is
necessary to apply high reaction temperatures (>80 °C) or
to load large amounts of the catalyst (~ 30 mol%) to obtain
the product in good yields.'® Although the neutral complex
3a was not very effective for the cyclization of 5g (12 h,
25% yield), the cationic diruthenium species prepared
in situ from 3a and NaBPh, (10 mol% each) gave the
product 6g in 88% yield, when the reaction was performed
at 25 °C for 3 h (entry 1); this suggests that 3a/NaBPh, is the
most powerful catalyst for N-allyldichloroacetamides so far
reported. The observed diastereoselectivity (trans/cis=7:1)
is much different from that obtained by CuCl(bipy) at 83 °C
(trans/cis=4:1, which was proved to be the thermal
equiblium ratio in a separate experiment), indicating that
the reaction with cationic diruthenium amidinate was
controlled kinetically.'”'®

2.3. Intermolecular atom-transfer radical addition

Intermolecular ATRA is generally slower than ATRC, and
there are not many examples of the ATRA of a,a-dichloro-
carbonyl compounds to olefins under mild conditions."
We first attempted the intermolecular addition reaction of
a,a-dichloro-y-lactam 6b with 1 equimolar amount of
olefins ([alkene]=0.133 M) at ambient temperature,
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Table 4. Cyclization of 5g by copper and ruthenium catalysts
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Cl. Cl Cl Cl
HCI,C f catalyst (10 mol%) ﬁ( . )\—(
o W T
Ts 5g Ts Ts

3,4-trans-6g 3,4-cis-6g
Entry Catalyst Solvent Conditions Yield (%) Trans/cis®
1 3a+NaBPhy CH,Cl, 25°C,3h 88 7.0:1
2 3a+NaBPh, CICH,CH,Cl 45°C, 1h 39 6.6:1
3 CuCl/bipy CH,Cl, 25°C,3h 24 7.4:1
4 CuCl/bipy CICH,CH,Cl 83°C, 1h 95 4.0:1

* Determined by 'H NMR analysis.

Table 5. Reaction of 6b with various olefins (all reactions were carried out using 0.2 mmol of 6b, 2.0 mmol of olefin and 0.02 mmol of catalyst in 1.5 mL of

CH,Cl,)

Entry Olefin Catalyst Conditions Product Yield (%) Cis/trans®
1 T™S 3a+NaBPh, 25°C,5h 24° 3.2:1
N\ N\ cl

N
Ts
7a
2 CuCl/bipy 25°C, 12h 7a (14 —
3¢ CuCl/bipy 83°C, 1h 7a 93° 5.7:1
4 3a-+NaBPh, 25°C, 10h Cl 57 5.7:1
( W Cl
.
Ts
7b
5 CuCl/bipy 25°C, 12h 7b <5 —
6° CuCl/bipy 83°C, 1h 7b >99 >99:1
7 MeO,C 3a+NaBPh, 25°C,5h MeO,C, Cl 50* —
W Cl
i,
Ts
Tc

 Determined by 'H NMR analysis.
® Product was isolated after treatment with SiO».
¢ In dichloroethane.

however, the alkylated products were not detectable by 'H
NMR. In the presence of 10 equiv of alkenes ([alkene]=
1.33 M), this cationic diruthenium catalytic species is useful
for activation of an a-chlorine atom of 6b followed by
intermolecular addition reaction to alkenes (Table 5).
Although high reaction temperatures are required for the
carbon—carbon bond forming reaction at the o-position of
the 2-pyrroridinone 6b catalyzed by the CuCl/bipy
system,'’® the reaction of 6b (0.2 mmol) with 10 equiv of
allyltrimethylsilane in the presence of in situ-generated
cationic species (10 mol%) proceeded even at 25 °C to give
the allylated product 7a in 24% yield with 3.2:1
diastereomer ratio after treatment with SiO, for elimination
of chlorotrimethylsilane (entries 1-3). Similarly, the
reaction of 6b with methylenecyclohexane proceeded at
ambient temperature to afford the 1:1 adduct 7b in 57%
yield (entry 4). In these two cases, only the 1:1 adduct was
formed without contamination of oligomers and polymers.
The reason of low to moderate yields of the product is low
conversion of the starting materials, which is caused by

instability of the coordinatively unsaturated catalyst species.
The diastereomer ratio of the adducts 7a and 7b were
kinetically controlled (3.2:1 for 7a and 5.7:1 for 7b,

Figure 1. The ORTEP drawing of 3,4-cis-7. For clarify, only H atom at the
C4 position is shown.
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respectively), these are in contrast to the fact that the
reactions catalyzed by the CuCl/bipy system at 83 °C
afforded the thermodynamically controlled ratio (>88:12
for 7a and >99:1 for 7b, respectively)17b (entries 4 and 6).
The relative stereochemistry of the major isomer of 7b was
determined to be 3,4-cis by X-ray diffraction (Fig. 1).
Methyl methacrylate (MMA) also reacted with 6b at rt; the
conversion reached 90% after 5 h. The products identified
were the adduct 7¢ as four diastereomer mixtures (ca. 50%
yield) and a product 6g (ca. 5%) produced by reductive
dechlorination. Although no poly(MMA) was formed
under this conditions (1.33 M in CH,Cl,), some amounts
of unidentified organic compounds, spectral data of
which suggests to be telomers of MMA, were also detected
(entry 7).

2.4. Atom-transfer radical polymerization

In the above sections, we have proved high catalytic activity
of the coordinatively unsaturated diruthenium amidinate 4
having appropriate redox potentials for ATRC and ATRA
for the production of organic products. Such high catalytic
activity of 4 enables to lower the reaction temperature,
which is advantageous for controlling the relative stereo-
chemistry of newly formed stereocenters kinetically.
Success of these studies prompted us to extend catalysis
of the coordinatively unsaturated diruthenium amidinate to
ATRP. It should be noted that there is the following

M
R-X —— R+ + X-M

z
2
Z X-M z
R T RUA T M
D ATRA product
z

E

"dormant chain"
ATRP product

Scheme 4. Proposed mechanisms for ATRP.

important mechanistic points between ATRP and ATRA (or
ATRC). First, both ATRP and ATRA/ATRC have the same
initiation step, that is, reaction of a metal catalyst with an
organic halide (R-X) to generate a radical species (R") and
M-X. In the ATRA/ATRC, the initial radical species adds
to a carbon—carbon double bond to form a new carbon
radical (Scheme 4, D), which reacts with M-X to give the
product. The striking difference of ATRP from ATRA/
ATRC is that the intermediary radical species D succes-
sively reacted with many molecules of the vinyl monomer,
which provides growth of the polymer chain (E). In many
papers, a metal-capping species (R—X-M) is postulated as a
dormant species, and reversible generation of active
macromolecular radical species at the polymer end from
the dormant species is followed by ‘well-controlled’ living-
like chain growth in reacting with the monomer.® It is
expected that use of coordinatively unsatrurated complex as
the catalyst for ATRP accelerates both the initiation step and
the reactivation of the dormant species; this should be
advantageous to lower the reaction temperature and to take
part in the facile activation of less reactive organic halide
initiators. In contrast, a possible drawback deduced from our
results of ATRA is instability of the coordinatively
unsaturated species as a fragile catalyst, which may affect
the polymerization behavior. A research on the same line
was reported by Sawamoto and co-workers, in which a
coordinatively  unsaturated ruthenium complex,
Ru(Cp*)CI(PCy;), catalyzes rapid but ‘ill-controlled’
polymerization of MMA to give poly(MMA) with quite
broad (M,,/M,,=2.8-6.2) molecular weight distributions.?®

A mixture of cationic diruthenium amidinate 4 [Y =PFg]
(19 pmol), MMA (2 mL, 19 mmol), ethyl a-bromoisobutyl-
ate 8 (38 umol) was stirred in a sealed tube at 40 °C for 10 h
(Table 6). The reaction using catalyst 4, in situ-generated
from 3a and NaPFg, produces poly(MMA) with M, =
37,000; M/M,=1.8 in 35% yield as shown in entry 1. The
relatively wide molecular weight distribution is dramati-
cally improved when isolated complex 4 was used as the
catalyst; poly(MMA) with My/M,=1.3 was obtained in
32% yield (entry 2). When the reaction was carried out
using toluene as the solvent, M,, of the formed polymer was
apparently larger than that of the polymer obtained by the
reaction without solvent (entries 2 vs 3). Although the
conversions of MMA increased in both ethyl acetate and
dichloroethane, the molecular weight distributions of
formed polymer were broad (entries 4 and 5). We also
examined the reaction with the catalyst/monomer ratio of
1:200, the polymerization of MMA ceased before reaching

Table 6. Polymerization of MMA with isolated complex 4 [Y =PF] (all reactions were carried out using 19 umol of 4, 38 umol of ethyl a-bromoisobutylate 8,

19 mmol of MMA in 2 mL of toluene at 40 °C for 10 h)

Entry Solvent Ratio (4/8/MMA) Yield® (%) M,° My/M,P
1° — 1:2:1000 35 37,000 1.8
2 — 1:2:1000 32 29,000 1.3
3 Toluene 1:2:1000 26 47,000 1.3
4 AcOEt 1:2:1000 45 40,000 1.8
5 CICH,CH,CI 1:2:1000 56 31,000 22
6 Toluene 1:2:200 20 7000 1.2
74 Toluene 1:2:1000 35 29,000 13

# Isolated yield after precipitation.

® Determined by GPC analysis of the crude polymer.
¢ In situ-prepared catalyst was used.

425°C for 20 h.
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Figure 2. The plots of time versus conversion (left) and M,, (right) of the
reaction of 4/8/MMA = 1:1:1000 in ethyl acetate at 40 °C.

completion (20% yield) and the polymer of M,=7000
and M,/M,=12 was formed (entry 6). Although the
conversions of MMA in the present polymerization in
toluene were not so high (26-35%), the cationic complex 4
found to be effective for activation of an a-bromine atom of
the dormant chain even at 25°C and control the
polymerization at the initial stage (entry 7). Despite the
high catalytic activity for the polymerization of MMA, a
disadvantage of 4 is its short life time as shown in the
reaction profile (Fig. 2), in which the conversion of MMA
and the M, of formed polymer are both increasing at the
initial stage, but the polymerization was terminated after
7h2' It is apparent from the end-group analysis of the
formed poly(MMA) using '>C NMR that the polymerization
proceeds with the atom transfer reaction to give poly(MMA)
bearing terminal bromide (6 58.9 ppm for the terminal
a-carbon; CH2C(Me)(Br)COZMe);22 this is also supported
from post-polymerization described below. The high
activity of the cationic diruthenium amidinate 4 as the
polymerization catalyst led to activation of a C—Br bond of
macroinitiators, which is less reactive than that of
commonly used organic initiators. The post-polymerization
of MMA from poly(MMA) bearing a terminal bromide 9a
(M,=7000; M./M,=1.2), which was obtained by the
reaction shown in Table 6, entry 5, as a macroinitiator
proceeded even at 25 °C to afford the poly(MMA) of M, =
47,000 and M/M,=1.3 (Table 7, entry 1). MMA can also
be polymerized by the macroinitiator 9b**** derived from
polybutylene oxides, [poly(THF)],>*" bearing a 2-
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bromoisobutyl group at the polymer terminal (M,=3800;
M, /M,=1.2) at 25 °C to form the polymer of M,=26,000
and M,/M,=1.2; the '"H NMR spectrum of the obtained
copolymer 10b revealed that the product contains both
poly(THF) and poly(MMA) segments (entry 2). In the
conversion of this particular polymerization, the chain
growth was terminated at ambient temperature (ca. 25 °C),
after 30 and 40% of MMA was consumed. In sharp contrast,
MMA was completely converted to the polymer in the
reaction of 9b with MMA at 40 °C (entry 3).2>2° These
results clearly showed that the coordinatevely unsaturated
complex acts as effective catalyst for the ATRP using less
reactive macromolecule initiators at low temperature.

3. Conclusion

It is well known that intramolecular radical addition
(ATRC) is entropicaly more favorable than the inter-
molecular addition reaction (ATRA). Thus, the catalytic
activity of the metal complexes in ATRC is dependent on
how efficient the metal catalyst abstracts the halogen atom
of organic halide initiators; in other words, the reaction is
controlled by its initial step. In contrast, intermolecular
radical addition to olefins (ATRA) is affected by concen-
tration of olefins, and hence, the reactions are generally
slower than ATRC. In ATRP, another important factor is
involved in the reaction; efficient activation of the halogen
atom at the polymer terminal by the metal catalyst, which
may proceed through a dormant species shown in Scheme 4,
is an essential key to well-controlled living-like polymeriz-
ation. Since reactivation and chain growth of the polymer
terminal take place many times during the polymerization,
both efficiency and durability are required for the good
ATRP catalyst. In our examinations for the coordinatively
unsaturated diruthenium amidinate, [(nS-CSMeS)Ru(uZ—i-
PrN=C(Me)Ni-Pr)Ru(n’-CsMes)] "4, as the ATRC,
ATRA, and ATRP catalyst, we found that 4 can effectively
activate_ a C-X bond of organic or macromolecular
halides.”” In the cyclization and intermolecular addition
reaction, the catalytic activity is often comparable to the
conventional CuCl/bipy catalyst, and even higher in

Table 7. Radical polymerization of MMA using macroinitiator 9a and 9b (all reactions were carried out using 19 pmol of 4, 19 pmol of 9, 19 mmol of MMA in

2 mL of toluene)

CO,Me coMe| [\ cO,Me]
Et Et K
0 ~Br © N mBr
0 9a MMA o 102
catalyst 4 [Y = PFg]
toluene r COZMe-
o., lo o.. Lo N
n-C4H9+ \MA/” \”><Br n-C4H9/{ \MAV" \ﬂ>< TwmBr
O O
9b 10b
Entry Initiator 9 Conditions Conversion (%)*  Yield (%)° M.¢ M /M,C
1 9a M,=7000, M,/M,=1.2 25°C,20h 28 25 47,000 1.3
2 9b M, =3800, M, /M,=1.2 25°C,4h 37 35 26,000 1.2
3 9b M,=2600, M,/M,=1.4 40°C, 20 h >95 90 71,000 1.6

 Determined by 'H NMR analysis.
" Isolated yield after precipitation.
¢ Determined by GPC analysis of the crude polymer.
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extreme cases. This clearly shows an advantage of
coordinatively unsaturated complexes in catalyst efficiency
for the halogen abstraction at the initial stage of the catalytic
cycle, which especially contributes to rapid ATRC. This
catalyst species is also active towards polymerization of
methacrylate using macroinitiators at low temperature (rt to
40 °C), giving poly(MMA) and poly(THF)-poly(MMA)
block copolymer with narrow molecular weight distri-
butions, however, the polymerization is often accompanied
by the catalyst deactivation leading to low conversion of
the monomer. In other words, the present coordinatively
unsaturated polymerisation catalyst has a strong point in the
efficiency but not in the durability. Consequently, the results
presented in this paper demonstrate that use of coordina-
tively unsaturated species is a reasonable strategy for the
development of good catalysts for ATRC. For their
application to ATRP, durability has somehow to be added
to the catalyst to achieve high conversion of the monomer.

These findings provide important aspects in catalyst search
for atom-transfer radical reactions.

4. Experimental

4.1. General methods

All reactions were carried out under a nitrogen or argon
atmosphere. Solvents were distilled under an inert gas
atmosphere from CaH, (dichloromethane and dichloro-
ethane) or sodium/benzophenone (toluene) prior to use.
Sodium tetraphenylborate was purchased from Wako Pure
Chemical Ind, Ltd. Sodium hexafluorophosphate, ethyl
a-bromoisobutylate 8 were purchased from Tokyo Chemi-
cal Industry Co., Ltd. '"H and '>C NMR spectra were
measured on JEOL GSX-270 (270 MHz), Lambda 400
(400 MHz), Lambda 600 (600 MHz) spectrometers. Chemi-
cal shifts for "H NMR were described in parts per million
downfield from tetramethylsilane as an internal standard
(0=0) in CDCl;, unless otherwise noted. Chemical shifts
for '>C NMR were expressed in parts per million in CDCl;
as an internal standard (6 =77.1), unless otherwise noted. IR
spectra were measured on a JASCO FT/IR-550 spec-
trometer. Column chromatography was performed with
silica gel (Merck, Art 7734). Elemental Analysis was
performed by the Elemental Analysis Center, Faculty of
Science, Kyushu University. Analytical thin-layer chroma-
tography (TLC) was performed on glass plates and
aluminum sheets precoated with silica gel (Merck, Kieselgel
60 F,s4, layer thickness 0.25 and 0.2 mm, respectively).
Visualization was accomplished by UV light (254 nm),
anisaldehyde, and phosphomolybdic acid. GPC analyses of
the polymers were performed with a JASCO DG-1580-83
degasser, PU-980 HPLC pump, UV-970 UV/vis detector,
RI-930 RI detector, and CO-2065-plus column oven (at
40 °C) using a Shodex GPC-KF-804L connected with a
GPC KF-805L in THF. Calibration was carried out on the
basis of retention time of a standard sample of poly(methyl
methacrylate) (Shodex Standard M-75) (7 samples (M,,/
M,=1.02-1.09), of which the M, range is 1.84X10°—
1.99 X 10°. Diruthenium amidinate comglexes (3 and 4d),’
N-Allyl-2,2,2-trichloroacetamides 5a—d”° and poly(THF)**

were prepared by our method. Other acetamides 5e'*® and
512 were prepared by the literature method.

4.2. General procedure for the atom-transfer radical
cyclization of N-allyl-a-halogenated acetamides catalyzed
by in situ-generated cationic diruthenium amidinates

In a typical example, (n°-CsMes)Ru(p*-i-PrN=C(Me)Ni-
Pr)Ru(Cl)(n°-CsMes) (3a, 13.0 mg, 0.02 mmol), NaBPh,
(6.9 mg, 0.02 mmol) and N-allyl-N-tosyl-2,2-dichloro-
acetamide (5g, 64.4 mg, 0.2 mmol) were measured into a
flask, and the atmosphere was replaced by argon. Then
freshly distilled, carefully degassed dichloromethane
(1.5 mL) was added. After it was stirred for 3 h at 25 °C,
the reaction mixture was filtered through a pad of Celite and
Florisil, and then the filtrate was concentrated under reduced
pressure. Purification by silica gel chromatography (1:1
hexane/ether) gave the cyclized product (6g) in 88% yield
(56.7 mg): the cis/trans ratio was determined by 'H NMR
analysis.

4.2.1. 3,3-Dichloro-4-chloromethyl-1-benzyl-pyrrolidin-
2-one (6a).> '"H NMR (600 MHz, CDCl,): 6=3.03-3.13
(m, 2H), 3.47 (m, 1H), 3.68 (dd, J=11.2, 9.5 Hz, 1H), 3.97
(dd, J=11.2,3.7 Hz, 1H), 4.45 (d, J=14.6 Hz, 1H), 4.63 (d,
J=14.6 Hz, 1H), 7.21-7.41 (m, 5H); '*C NMR (150 MHz,
CDCl5): 6=41.1,47.4,48.0,51.7, 83.8, 128.3, 128.4, 129.2,
134.6, 166.1.

4.2.2. 3,3-Dichloro-4-chloromethyl-1-(p-toluenesulfo-
nyl)-pyrrolidin-2-one (6b).>** 'H NMR (600 MHz,
CDCl3): 6=2.46 (s, 3H), 3.08 (dddd, /=10.0, 8.8, 7.1,
4.4 Hz, 1H), 3.56 (dd, J=10.5, 8.8 Hz, 1H), 3.66 (dd, J=
11.5,10.0 Hz, 1H), 3.93 (dd, J=11.5, 4.4 Hz, 1H), 4.24 (dd,
J=10.5, 7.1 Hz, 1H), 7.37 (d, J=8.3 Hz, 2H), 7.93 (d, /=
8.3 Hz, 2H); '*C NMR (150 MHz, CDCls): 6=21.9, 40.2,
475, 50.8, 82.7, 128.4, 130.1, 133.4, 146.5, 163.1.

4.2.3. 3,3-Dichloro-4-chloromethyl-1-phenyl-pyrrolidin-
2-one (6¢). White solid; mp 142 °C; IR (KBr): »=1710,
1594, 1496, 1417, 1306, 761, 750 cm~'; 'H NMR
(600 MHz, CDCls): 6=3.26 (dddd, J=10.4, 8.2, 7.1,
4.4 Hz, 1H), 3.74 (dd, J=9.9, 8.2 Hz, 1H), 3.85 (dd, J=
11.0,10.4 Hz, 1H), 4.09 (dd, J=11.0, 4.4 Hz, 1H), 4.10 (dd,
J=9.9, 7.1 Hz, 1H), 7.26 (t, J=7.1 Hz, 1H), 7.43 (dd, J=
8.2, 7.1Hz, 2H), 7.64 (d, J=8.2Hz, 2H); '3C NMR
(150 MHz, CDCl5): 6=41.0, 49.1, 51.1, 84.0, 120.3, 126.2,
129.2, 137.9, 164.4; elemental Anal. Calcd (%) for
C1H,oCI3NO: C, 47.51; H, 3.61; N, 5.04. Found: C,
47.43; H, 3.62; N, 5.03.

4.2.4. 3,3-Dichloro-4-chloromethyl-1-allyl-pyrrolidin-2-
one (6d).>* '"H NMR (600 MHz, CDCl;): 6=3.10 (dddd,
J=9.9,8.2,7.7,6.6 Hz, 1H), 3.22 (dd, J=9.9, 7.7 Hz, 1H),
3.57 (dd, J=104, 6.6 Hz, 1H), 3.73 (dd, J=10.4, 9.9 Hz,
1H), 3.95 (dd, J=15.4, 6.0 Hz, 1H), 3.98 (dd, J=15.4,
4.4 Hz, 1H), 3.99 (dd, J=9.9, 8.2 Hz, 1H), 5.26 (d, J=
17.0 Hz, 1H), 5.29 (d, J=10.4 Hz, 1H), 5.73 (dddd, J=
17.0, 10.4, 6.0, 4.4 Hz, 1H); '*C NMR (150 MHz, CDCl5):
6=41.0, 46.4, 47.4, 51.7, 83.6, 119.7, 130.4, 165.7.

4.2.5. 3,3-Dimethyl-4-bromomethyl-1-(p-toluenesulfo-
nyl)-pyrrolidin-2-on (6e)."** 'H NMR (600 MHz,
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CDCl5): 6=0.89 (s, 3H), 1.16 (s, 3H), 2.44 (s, 3H), 2.45
(dddd, J=9.9,8.8,7.7, 4.4 Hz, 1H), 3.20 (t, J=9.9 Hz, 1H),
3.43 (dd, J=9.9, 4.4 Hz, 1H), 3.46 (dd, J=10.4, 8.8 Hz,
1H), 4.15 (dd, J=10.4, 7.7 Hz, 1H), 7.34 (d, J=8.2 Hz,
2H), 7.91 (d, J=8.2 Hz, 2H); >*C NMR (150 MHz, CDCl5):
0=17.8, 21.7, 23.4, 29.7, 45.0, 45.4, 48.8, 128.0, 129.7,
134.8, 145.3, 176.8.

4.2.6. (1R,7aS)-1-Chlorometyl-2,2-dichloro-hexahydro-
pyrrolizin-3-one (6f).""* '"H NMR (400 MHz, CDCl5):
6=3.99 (dd, 1H), 3.86 (dd, 1H), 3.62 (m, 1H), 3.54 (m, 1H),
3.29 (m, 1H), 2.76 (m, 2H), 2.17 (m, 2H), 1.61 (m, 1H); '*C
NMR (100 MHz, CDCl3): 6=26.7, 31.5, 40.6, 41.8, 61.3,
62.9, 87.0, 164.1.

4.2.7. 3-Chloro-4-chloromethyl-1-(p-toluenesulfonyl)-
pyrrolidin-2-one (6g).13a trans-Isomer. '"H NMR
(600 MHz, CDCly): 6=2.46 (s, 3H), 2.82 (m, 1H), 3.68-
3.78 (m, 3H), 4.11 (dd, /J=10.2, 8.1 Hz, 1H), 4.34 (d, J=
9.3 Hz, 1H), 7.34 (d, J=8.3 Hz, 2H), 7.94 (d, /J=8.3 Hz,
2H); '>C NMR (150 MHz, CDCly): 6=21.8, 42.3, 44.2,
47.0, 56.1, 128.3, 130.0, 134.3, 146.1, 166.7.

cis-Isomer. "H NMR (600 MHz, CDCls): 6=2.46 (s, 3H),
2.95 (ddddd, J=8.3,7.6,7.3, 6.8, 6.1 Hz, 1H), 3.53 (dd, J=
11.5, 7.6 Hz, 1H), 3.66 (dd, J=10.3, 8.3 Hz, 1H), 3.71 (dd,
J=11.5, 6.8 Hz, 1H), 4.13 (dd, J=10.3, 7.3 Hz, 1H), 4.44
(d, J=6.1 Hz, 1H), 7.37 (d, J=8.3 Hz, 2H), 7.92 (d, J=
8.3 Hz, 2H); '3C NMR (150 MHz, CDCl5): 6=21.8, 40.4,
41.0, 47.9, 57.6, 128.2, 130.0, 134.0, 146.0, 166.8.

4.3. Reaction of a,a,y-trichlorinated y-lactam 6b and
methylenecyclohexane

4.3.1. 3-Chloro-3-(1'-chlorocyclohexyl)methyl-4-chloro-
methyl-1-(p-toluenesulfonyl)pyrrolidin-2-one (7b).'*"
(n°-CsMes)Ru(p*-i-PrN=C(Me)Ni-Pr)Ru(Cl)(n’-CsMes)
(3a, 13.0 mg, 0.02 mmol), NaBPh, (6.9 mg, 0.02 mmol)
and lactam (6b, 71.3 mg, 0.2 mmol) were measured into a
flask, and the atmosphere was replaced by argon. Then
freshly distilled, carefully degassed dichloromethane
(1.5 mL) and methylenecyclohexane (240 pL, 2.0 mmol)
were added. After it was stirred for 10 h at 25 °C, the
reaction mixture was filtered through a pad of Celite and
Florisil, and then the filtrate was concentrated under reduced
pressure. Purification by silica gel chromatography (2:1
hexane/ether) gave the a-alkylated product (7) in 57% yield
(51.2 mg). The cis/trans ratio was determined by '"H NMR
analysis.

cis-Isomer. Single crystals for the X-ray diffraction study
were obtained from dichloromethane/hexane at rt. Colorless
solid; mp 151-153 °C; "H NMR (400 MHz, CDCly): 6=
1.06 (m, 1H), 1.38-1.81 (m, 8H), 1.91 (m, 1H), 2.44 (s, 3H),
2.47 (d, J=15.6 Hz, 1H), 2.75 (d, J=15.6 Hz, 1H), 3.47-
3.54 (m, 2H), 3.63 (dd, /=11.0, 8.8 Hz, 1H), 4.01 (dd, J=
11.2, 2.9 Hz, 1H), 4.34 (m, 1H), 7.35 (d, J=38.2 Hz, 2H),
7.90 (d, J=8.2 Hz, 2H); '*C NMR (100 MHz, CDCl5): 6=
21.4, 21.7, 21.8, 24.7, 37.3, 42.0, 42.3, 42.4, 48.2, 49.5,
71.9,72.9, 128.2, 129.8, 133.7, 145.9, 168.5.

trans-Isomer. "H NMR (400 MHz, CDCl3): 6=1.02-2.02
(m, 10H), 2.44 (s, 3H), 2.50 (d, /J=14.4 Hz, 1H), 2.90 (d,

J=14.4 Hz, 1H), 3.40-3.69 (m, 3H), 3.71 (dd, J=11.2,
4.4 Hz, 1H), 4.25 (dd, J=10.0, 7.1 Hz, 1H), 7.35 (d, J=
8.2 Hz, 2H), 7.90 (d, J=8.2 Hz, 2H); '>*C NMR (100 MHz,
CDCl,): 6=21.8, 22.7, 25.5, 29.5, 37.3, 41.5, 42.3, 44.7,
48.0,49.5,71.9, 72.9, 128.4, 129.6, 133.9, 145.8, 168.6.

4.3.2. 3-Allyl-3-chloro-4-chloromethyl-1-(p-toluenesulfo-
nyl)-pyrrolidin-2-one 7a.'*® cis-Isomer. 'H NMR
(600 MHz, CDCl3): 6=2.42 (s, 3H), 2.75 (dd, J=14.1,
7.5 Hz, 1H), 2.80 (dd, J=14.1, 6.7 Hz, 1H), 2.81 (dddd, J=
9.6, 9.2, 7.1, 5.3 Hz, 1H), 3.41 (dd, J=10.1, 9.6 Hz, 1H),
3.56 (dd, J=11.4, 9.2 Hz, 1H), 3.76 (dd, /J=11.4, 5.3 Hz,
1H), 4.18 (dd, J=10.1, 7.1 Hz, 1H), 5.20 (d, /=10.3 Hz,
1H), 5.21 (d, J=17.0 Hz, 1H), 5.64 (dddd, J=17.0, 10.3,
7.5, 6.7Hz, 1H), 7.33 (d, J=8.2 Hz, 2H), 7.88 (d, J=
8.2 Hz, 2H); '3C NMR (150 MHz, CDCl5): 6=21.8, 40.9,
41.2, 42.9, 47.7, 71.1, 121.8, 128.1, 129.8, 130.3, 133.8,
145.9, 168.0.

trans-Isomer. "H NMR (600 MHz, CDCl53): 6=2.45 (s, 3H),
2.48 (dd, J=15.8, 7.5 Hz, 1H), 2.77 (dd, J=15.8, 6.0 Hz,
1H), 2.87 (dddd, J=9.3, 6.2, 3.8, 3.1 Hz, 1H), 3.41 (dd, /=
11.4,9.3 Hz, 1H), 3.70 (dd, J=11.4, 3.8 Hz, 1H), 3.93 (dd,
J=10.4, 3.1 Hz, 1H), 4.10 (dd, /J=10.4, 6.2 Hz, 1H), 5.18
(d, J=10.4 Hz, 1H), 5.21 (d, J=17.4 Hz, 1H), 5.79 (dddd,
J=174, 104, 7.5, 6.0 Hz, 1H), 7.35 (d, J=8.4 Hz, 2H),
7.94 (d, J=8.4 Hz, 2H); '*C NMR (150 MHz, CDCl5): 6=
21.7,37.8,41.3,46.5,47.4,70.1, 120.8, 128.2, 129.8, 130.0,
134.0, 145.8, 168.0.

4.3.3. Preparation of macroinitiator 9b. To a solution of
PhMe,SiO-[(CH,)40],-C4Hoy [M,=2500, M, /M,=1.4]
(300 mg, 0.12 mmol) in benzene (2 mL) was added ethyl
a-bromoisobutylate (36 pL, 0.45 mmol). The mixture was
stirred at ambient temperature for 20 h, then the reaction
mixture was poured into methanol (25 mL) and concen-
trated under reduced pressure. The residue was dissolved in
chloroform (0.5 mL) and was purified by precipitation by
adding methanol (50 mL) at —30 °C gave the polymer 9b in
70% yield (208 mg). "H NMR (270 MHz, CDCl3): 6=0.89
(t, J=17.3 Hz, 3H; terminal CH3), 1.40-1.80 (m; CH,), 1.91
(s, 6H; CBrMe,), 3.30-3.50 (m; OCH,), 4.17 (t, J=6.3 Hz,
2H; OCH,~"Pr). The GPC analysis showed M, =2600, M,/
M,=14.

4.4. General procedure for the polymerization promoted
by the isolated complex 4

In a typical example, a mixture of 4 [Y=PFs] (10 mg,
19 pmol), MMA (2 mL, 19 mmol), 9b [M,=2600,
Mw/M,=1.4] (50 mg, 0.019 mmol), and toluene (2 mL)
was placed in a glass tube. The mixture was degassed three
times, and sealed in vacuo. After it was stirred at 40 °C for
20 h, the reaction mixture was dissolved in THF, passed
through an alumina column, then concentrated under
reduced pressure. The residue was dissolved in THF and
was purified by precipitation by adding methanol (50 mL)
gave the polymer 10b in 90% yield (1.7 g). The GPC
analysis showed M,=71,000, Mw/M,=1.6.

4.5. Electrochemical measurements

Cyclic voltammetric studies were carried out using a BAS
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50B/W electrochemical analyzer in a globe box filled with
purified nitrogen. The measurement was performed at rt
using a ruthenium or copper complex (0.0015 mmol) in
THF (5 mL) containing BuyNPF¢ (0.1 M) as a supporting
electrolyte. A three-electrode cell was used, which was
equipped with a platinum disk working electrode, a
platinum wire counter electrode, and a silver reference
electrode comprised of a silver wire in count with AgNO;
(0.01 M) and BusNPF¢ (0.2 M) in acetonitrile.

4.6. X-ray structure determination and details of
refinement

X-ray-quality crystals of cis-7b were grown from a mixture
of CH,Cl, and hexane, and mounted on a loop. All
measurements were made on a Rigaku Saturn CCD area
detector with graphite monochromated Mo Ko radiation;
A=0.71070 A. The crystal-to-detector distance was
45.01 mm. The data were collected at 123(1) K to a
maximum 26 value of 55.0°. The exposure rate was
12.0 s/° The data were corrected for Lorentz and polariz-
ation effects. The structure was solved by heavy-atom
Patterson methods”® and expanded using Fourier tech-
niques.”® The non-hydrogen atoms were refined aniso-
tropically. Hydrogen atoms were refined using the riding
model. The final cycle of full-matrix least-squares refine-
ment on F~ was based on 4675 observed reflections and 268
variable parameters. Neutral atom scattering factors were
taken from Cromer and Waber.>' All calculations were
performed using the CrystalStructure®>* crystallographic
software package. Final refinement details are collected in
Table 8, and the numbering scheme employed is shown in
Figure 1, which were drawn with ORTEP at 50%
probability ellipsoid. Crystallographic data (excluding
structure factors) for the structure has been deposited with

Table 8. Crystallographic data and structure refinement for 3,4-cis-7b

Formula C19H24C13NO3S
FW 452.82
Crystal system Triclinic
Space group P-1 (#2)
Cell constants

a(A) 8.787(4)
b (A) 10.892(5)
c(A) 11.455(5)
a(®) 70.82(1)
B8 () 84.98(2)
v () 89.56(2)
V(A% 1031.3(8)
Z value 2

Deatea (g/cm’) 1.458

F (000) 472.00

# (Mo Ko) (cm ™) 5.61
Radiation; 4 (A) 0.71070
Temperature (°C) —150
Exposure rate (s/°) 12.0
20max (°) 55.0

No. of total data collected 12,453
No. of unique data 4687 (R;,,=0.040)
No. of obsd reflections 4675

No. of variables 268
Reflection/parameter ratio 17.44
Residuals

R1 (I>20) 0.036

R (all reflections) 0.067
wR2 (all reflections) 0.066
GOF 1.000

the Cambridge Crystallographic Data Centre as supplemen-
tary publication no. CCDC-259053. Copies of the data can
be obtained free of charge on application to CCDC, 12
Union Road, Cambridge CB21EZ, UK (fax: +44 1223 336
033; e-mail: deposit@ccdc.cam.ac.uk).
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Abstract—New pyrrolopyridazine derivatives were synthesized as potential blue organic luminophors. Three different classes of
pyrrolopyridazine derivatives were made, for example, aryl groups directly connected to the core PPY (pyrrolo[1,2-b]pyridazine-5,6,7-
tricarboxylic acid trimethyl ester) moiety, aryl groups connected to the PPY via a vinylene linker and aryl groups connected to the PPY via an
acetylene linker. Their optical and electrochemical properties were productively compared. One of the derivatives 2 showed a relative
quantum yield as high as 0.9. Compound 8 in the vinyl bridged pyrrolopyridazine series has been characterized by its X-ray crystal structure

analysis.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Since the discovery of a thin-film organic electrolumines-
cent device by the team at Kodak,'® organic light emitting
diodes (OLED) have become the most promising new
optoelectronic devices for practical industrial applications.
Electroluminescent thin films of organic molecules have
been extensively investigated because of their low operating
voltage, tunable red-green-blue output colors, high bright-
ness, mechanical flexibility and ease of fabrication.'®
Although polymeric as well as small organic molecules
are well established electroluminescent materials used in
fabricating the thin film devices, smaller organic units were
realized to be advantageous with facile emission color
control and the easy fabrication of multilayer devices.’
Investigations on synthesizing new blue luminous materials
for applications in electroluminescent (EL) display have
attracted great attention recently, but there are very few
single component deep blue- and pure red-emitting dyes.”

Recently, Wudl et al. reported pyrrolopyridazine derivatives
as a new class of blue organic luminophors. They
demonstrated the possibility of tuning colors and energy
levels by modifying the structures of these luminophors.’
Herein, we report the synthesis of new pyrrolopyridazine
derivatives, along with the optical properties of these new

Keywords: Pyrrolopyridazine; Fluorescence; Luminophor; Blue lumino-

phor; Sonogashira coupling; Blue shift; Red shift.
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compounds. To study the relationship between optical
properties and the effect of conjugation and substitution, we
systematically designed and synthesized a series of
luminophors containing a core pyrrolo[1,2-b]pyridazine-
5,6,7-tricarboxylic acid trimethyl ester moiety. Three
different classes of pyrrolopyridazine derivatives were
synthesized, for example, aryl groups directly connected
to the core PPY (pyrrolo[l,2-b]pyridazine-5,6,7-tri-
carboxylic acid trimethyl ester) moiety, aryl groups
connected to the PPY via a vinylene linker and aryl groups
connected to the PPY via an acetylene linker. Their
comparative optical and electrochemical properties were
investigated to study the effect of extended conjugation.
Compound 8 in the vinyl bridged pyrrolopyridazine series
has been characterized by its X-ray crystal structure
analysis.

2. Results and discussion

2.1. Synthesis

For the synthesis of various pyrrolopyridazine derivatives,
3-iodopyridazine (26) was synthesized from 3,6-dichloro-
pyridazine in four steps following the procedures reported
elsewhere. The treatment of 3,6-dichloropyridazine with
sodium iodide gave 3,6-diiodopyridazine, which was then
reacted with hydrazine to give 6-iodo-3-pyridazinyl-
hydrazine. This hydrazine was reacted with mercuric
oxide to give 3-iodopyridazine.*”
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The 3-arylpyridazine derivatives (14-16) were synthesized
as shown in Scheme 1 by modifying the literature
procedures.® Synthesis of aryl pyridazines via Suzuki
cross-coupling is a single step and more convenient than
the reported method for the preparation of compound (15).”
On the other hand, 3-(2-arylvinyl)pyridazine derivatives
were also obtained in one step by the treatment of aromatic
aldehydes with 3-methylpyridazine using the reported
methodology (Scheme 2).%

N—-N
\

o
26

R-B(OH),

@7}? 14:R= —@F
15:R= «j%ocm3

16: R = ~ I l

Scheme 1. Synthesis of 3-arylpyridazines (14-16) via Suzuki cross-
coupling.

Pd(PPh3)s, 2M Na,CO3
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23:R=
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Scheme 2. Synthesis of 3-(2-aryl-vinyl)pyridazines (17-23).
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Figure 1. Luminophors synthesized (1-13).
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The structural data of the compounds 18 and 19 were in a
good agreement with the earlier reports.®™ Sonogashira
coupling’ between 3-iodopyridazine and terminal alkynes in
the presence of (PPh3),PdCl, and Cul in basic condition
yielded 3-arylethynylpyridazines (Scheme 3).

The luminescent pyrrolopyridazine derivatives (1-13) were
prepared (Fig. 1) in one step via 1,3-dipolar cycloaddition
reaction between 3-substituted pyridazines (aryl/vinylaryl/

N=N (PPh3),PdCl,, Cul N=N

w| v — R R=24

THF, TEA, 50-60°C

26 =
\ R =25: —(( >—
R 25: F

Scheme 3. 3-Arylethynylpyridazines (24-25) from Sonogashira reaction.

ethynylaryl) and dimethyl acetylenedicarboxylate (DMAD)
in methanol at a low temperature as depicted in Scheme 4,
by modifying the reported procedure.*®

N=N
\ W

14-16

N=N
H3CO,C—==—CO,CH3
U_\LR

1723 MeOH

Luminophors 1-13

or

N=N
U%R

24-25

Scheme 4. Synthesis of luminophors (1-13).

2.2. X-ray crystal structure

A single crystal of compound 8 was grown from a CH,Cl,/
MeOH solution and was characterized using X-ray

@ 023-C125 3.402(1) A
@ 026-C1253.942(1) A
@ 016-C225 3.575(1) A
@® 025-C223 4.495(1) A
® 022-C124 3.746(1) A

Figure 2. X-ray structure of 8 (in (b) and (c), blue: N and red: O).
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crystallography. Figure 2 shows the m stacking of
compound 8 in a head to tail mode. The molecules stack
along the b axis and the average distance between the 7
planes was 3.66 A (Fig. 2b). Hydrogen bonds between the
oxygens and methyl group in the ester moieties were
observed and the distances between these oxygens and
carbons are in the range of 3.40-4.49 A (Fig. 2c¢).

2.3. Optical properties

The absorption and fluorescence spectra of compounds 2-13
were recorded in DMSO, methanol, methylene chloride, and
hexane solutions at room temperature. The relative quantum
yields were determined using 9,10-diphenylanthracene in
degassed hexane (@ =0.96). The optical data for compound
1 was taken from the literature.’

As expected and illustrated in the cyclic voltametry data,
significant red shifts were observed in UV as well as
fluorescence for the compounds 6 and 7 being extended
conjugation. Figure 3 exhibits that the second absorption
bands of 7 (315nm) and 6 (331 nm) are red-shifted
compared with those of 2 (280 nm) and 3 (300 nm). These
red shifts of compounds 6 and 7 were probably due to
ground state stabilization arising from extended conjugation
via vinylene linkage. The first absorption bands were
assigned at around 350 nm for compound 1, 2 and 3.
However, for compounds 5, 6 and 7, the absorption
maximum around 320-340 nm was used as the excitation
wavelength since the first absorption bands were overlapped
with the second absorption bands. On the other hand, the
compounds 12 and 13 bearing acetylene linkage displayed
red shifts in their UV as well as fluorescence spectra (Figs 3
& 4) compared to those of 1 and 2.

Abs

240 260 280 300 320 340 360 380 400
Wavelength (nm)

Figure 3. The UV absorption spectra of compounds 2, 3, 6 and 7 in
dichloromethane.

Compound 2 displayed a relatively higher quantum yield
values when compared to the compounds bearing extended
conjugation moiety. As shown in Table 1, there was a
dramatic difference in quantum yield between compounds 2
(90%) and 7 (27%). The compounds bearing aryl groups via
a vinylene linkage (5-11) show relatively low fluorescent
quantum yields. It is likely that the significant differences in

these compounds resulted from the stronger electronic
perturbation in the ground and excited states due to the
extended conjugation provided by the vinylene linkage. On
the other hand, the compounds 12 (44%) and 13 (52%)
bearing acetylene linkage displayed better fluorescent
quantum yield compared to those of compounds bearing
vinylene linkage. The introduction of a fluorine atom on the
aryl ring increased the fluorescent quantum yields in both
cases (compound 2 vs 1 or 3; compound 7 vs 5§ or 6;
compound 13 vs 12) (Table 1). Compounds with vinylene
and acetylene spacers induced red shifts in their fluor-
escence Ap.x by 5 and 18 nm, respectively. It is likely that
extended conjugation enhances the intersystem crossing
(ISC) rates thereby resulting in quenched emission for
compounds 3-13. The theory also gains significance in view
that compounds 2, 7 and 13 have relative higher quantum
yield values when compared with the others in the
corresponding series.

2.4. Electrochemical studies

Table 2 summarizes the cyclic voltametric data in CH;CN
containing 0.1 M tetrabutylammonium hexafluoro-
phosphate with the scan rate of 0.1 V/s. The potential
values of the first redox wave in the scan of both the positive
and negative direction are included in Table 2 along with
some multiple redox waves, which are known to be related
to the HOMO and LUMO energy levels. Overall, as the
interpretation of the electrochemical properties is similar to
that reported by Wudl et al.*® their assignments can be
applied to these compounds.

Compounds 1-3 show the oxidation potential at 1.89, 1.90,
and 1.76 V, respectively, and the reduction potential at
—1.59, —1.58, and —1.63 V, respectively, which indicates
that the substituent group on the 2-phenyl group connected
to PPY (pyrrolo[1,2-b]pyridazine-5,6,7-tricarboxylic acid
trimethyl ester) affects the HOMO level slightly and the
LUMO level trivially. Compounds 5-7 also showed a
similar tendency. Compounds 1 and 4 exhibited almost the
same oxidation and reduction potential, which implies that
both the HOMO and LUMO level are not changed when the
2-phenyl or 2-naphthyl moiety are connected to PPY.

A relative large difference in the oxidation potential was
found by a comparison of the (2, 7), (3, 6), and (4, 8)
couples, respectively. In compounds 2, 3, and 4, the
aromatic moieties were linked directly to position 2 of
PPY while the same aromatic moieties were linked to
position 2 of PPY via a vinylene linkage in compounds 7, 6,
and 8, respectively. Interestingly, compounds 7, 6, and 8 had
lower oxidation potential than the corresponding com-
pounds 2, 3, and 4 by 0.45, 0.37, and 0.24 V, respectively,
while their reduction potentials remained similar within
0.08 V compared with their corresponding compounds. This
indicates that such elongated conjugation at the position 2 in
PPY mainly affects the HOMO as shown in compounds 1-3
and 5-7 (Table 2). It is likely that a vinylene linkage at
position 2 affects the HOMO level but affects the LUMO
level to a much lesser extent, however, no further effort to
explain this phenomenon is made in this study. Figure 5
shows the cyclic voltammograms of compounds 6 and 3,
where an improvement in the reversibility in the reduction
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Table 1. A, (nm) of absorption spectra, A,.x (nm) of fluorescence spectra, and relative efficiency (%) of compound 1-13

Compd Absorption (Apa/nm) Fluorescence [(Ana/nm) (quantum efficiency (%))]
DMSO MeOH CH,Cl, Hexane DMSO MeOH CH,Cl, Hexane

1 348* 346* 350% 351% 446 (81)* 443 (73)* 444 (68)* 442 (75)*

2 352 347 348 o 449 (90) 444 (85) 443 (79) °

3 348 348 349 b 445 (51) 439 (43) 441 (41)

4 348 348 340 o 450 (39) 445 (22) 444 (31) °

5 321 316 330 305 450 (9) 452 () 447 (7) 443 (27)

6 331 335 328 b 463 (5) 466 (8) 438 (9) °

7 315 312 313 N 454 (27) 451 (25) 4438 (23) °

8 329 323 328 b 460 (9) 451 (12) 448 (8) b

9 343 341 335 N 453 (8) 453 (11) 450 (12) °

10 337 335 332 o 441 (6) 455 (10) 453 (8) b

11 394 389 373 389 510 (5) 490 (8) 505 (13) 472 (28)

12 356 K 358 K 467 (44) o 456 (41) °

13 359 b 358 b 467 (52) b 453 (50) b

# Taken from Ref. 3a.

® Insoluble.

Table 2. Cyclic voltammetric data for 1-8, 11, and anthracene®

Compd 1 2 3 4 5 6 7 8 11 Anthracene

Eo° 1.89/... 1.90/... 1.76/... 1.90/... 1.69/... 1.39/...€ 1.46/... 1.66/... 1.29/...€ 1.28/...€

Ered® —1.59/ —1.58/ —1.63/ —1.57/ —1.54/ —1.55/ —1.54/ —1.48/..%  —145/..9 —192/

—1.67 —1.66 —1.71 —1.64 —1.61 —1.63 —1.61 —1.99

* CVs were recorded at room temperature in CH;CN/0.1 M TBAPFg.
Y E.. and E,.q are represented as Ep,./Ep. (V vs SCE), respectively.

© It is hard to measure the value because of lack of reversibility.

41t is hard to determine the exact value due to multiple redox waves.

0/—1 couple at E= —1.59 V of compound 6 compared with
that of 3 are easily observed at a scan rate (v) of 0.1 V/s
(Fig. 5a and b). A 5-fold increase in the scan rate leads to an
enhancement in the reversibility in the reduction process of
compound 3 (Fig. 5c). Judging from the i,./ip, ratio
depending on v, the half-life of the anion radical of
compound 3 was approximately 15s.'° Such kinetic
stabilization phenomena of the radical anion of compound
7 and 8 in the CVs depending on v were also observed by
comparing them with compounds 2 and 4, respectively. The
estimated half-life of the anion radical of compounds 2 and
4 was >1s and a few seconds, respectively. The above
redox potential measurement data were parallel with the
optical measurement data, that is, the UV A,.x of

300

250

200 -

150 -

Intensity (a.u)

100

50 -

T
400 450 500 550

Wavelength (nm)

Figure 4. Fluorescence spectra of compounds 2, 3, 5, 6, 7, 10, 11 and 13 in
dichloromethane.

compounds 7 and 6 is longer than that of compounds 2
and 3 by 35 and 31 nm, respectively.

Compound 11 had the lowest oxidation potential among
compounds 5, 8, and 11. The origin of this could be
understood partially by observing the cyclic voltam-
mograms of compound 11 and anthracene (An) in Figure 6.
Anthracene itself shows an oxidation potential of E=1.28 V
and a reduction potential of —1.95V (Fig. 6b). The
oxidation potential is retained in compound 11 (Fig. 6a).
However, the reduction potential is in the similar range with
the other species shown in Table 2. This suggests that the
tuning of the HOMO level is possible via the covalent
bonding of the substituent that has the lower oxidation
potential. But it is also possible to lose some extent of the
electrochemical reversibility as shown in Figure 6.

3. Conclusion

Twelve new luminescent pyrrolopyridazine pyrrolo[1,2-b]
pyridazine-5,6,7-tricarboxylic acid trimethyl esters were
synthesized from less expensive reagents and under mild
reaction conditions. In this systematic investigation, three
different classes of target molecules were synthesized, for
example, aryl groups directly connected to the core PPY
(pyrrolo[1,2-b]pyridazine-5,6,7-tricarboxylic acid trimethyl
ester) moiety, aryl groups connected to the PPY via a
vinylene linker and aryl groups connected to the PPY via an
acetylene linker. Their optical and electrochemical proper-
ties were studied in detail and compared. One of these
compounds was characterized by X-ray structure analysis.
In particular, it was observed that, compounds bearing
fluorine substituent were showing relatively higher quantum
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(b)

(c)

E/V vs. SCE

Figure 5. Cyclic voltammograms of 1 mM 6 (a) and 3 (b, c¢) at a glassy
carbon disk electrode with negative scan direction; in CH;CN containing
0.1 M TBAPFg; v=0.1 V/s (a, b) or 0.5 V/s (c). The scale bar represents 20
(a, b) and 50 pA (c), respectively.

yield values in comparison with the other substituents in that
series. The possibility of tuning the colors and energy levels
of these luminophors was studied by extending the
m-system at the position 2 of the core PPY through a
proper modification such as vinylene or acetylene linkage.
We also demonstrated that pyrrolopyridazine systems
bearing an aryl groups with a suitable electron donor/
withdrawing groups can result in push—pull effects on the
overall photochemical properties of the luminophors.

4. Experimental
4.1. General methods

Unless otherwise noted, materials were obtained from
commercial suppliers and were used without further
purification. Flash chromatography was carried out on silica
gel 60 (230-400 mesh ASTM; Merck). Thin-layer
chromatography (TLC) was carried out using Merck 60
F»s4 plates with a thickness of 0.25 mm. Preparative TLC
was performed using Merck 60 F,s4 plates with a thickness
of 1 mm.

Melting points were measured using a Biichi 530 melting
point apparatus, and are uncorrected. '"H NMR spectra were

(a)

(b)

E/V vs. SCE

Figure 6. Cyclic voltammograms of 1 mM 11 (a) and anthracene (b) at a
glassy carbon disk electrode with negative scan direction; in CH3;CN
containing 0.1 M TBAPFg; v=0.1 V/s. The scale bar represents 10 (a) and
20 pA (b), respectively.

recorded using Bruker 250 MHz spectrometer with TMS as
the internal standard. Fluorescence measurements were
made on a RF-5301 PC Spectrofluorophotometer with
excitation at 367 nm; both emission and excitation slit
widths were 5 nm. Mass spectra were obtained using JMS-
700 Mstation spectrometers.

3-Phenylpyridazine was purchased from Spec, Rijswijk,
The Netherlands. Compound 1 was prepared following the
published procedure.” Preparation of recently reported
compound 15 involves four steps.’” But in our case we
could able to get the same in one step via Suzuki coupling.
The vinyl derivatives such as 18 and 19 were confirmed with
reported results.®

4.2. General procedure for the preparation of 2-aryl-
pyrrolo[1,2-b]pyridazine-5,6,7-tricarboxylic acid tri-
methyl ester (1-4) and 2-(2-arylvinyl)pyrrolo[1,2-b]-
pyridazine-5,6,7-tricarboxylic acid trimethyl ester
(5-11)

Dimethyl acetylenedicarboxylate (DMAD) (1 mmol) was
added dropwise to a stirring solution of 3-arylpyridazine/
3-(2-arylvinyl)pyridazine (0.5 mmol) in anhydrous
methanol (2 mL) at 0 °C. Stirring was continued at 0 °C
for 1.5 h and then at ambient temperature 5 h. Solvents were
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evaporated under reduced pressure and added 2 mL of
methanol. Solid separated slowly on standing the solution at
room temperature for 2—4 h. It was filtered, washed with
small amount of methanol and dried in vacuo. The crude
product was crystallized in dichloromethane/methanol.
Yields were ranging from 20 to 30%.

4.2.1. 2-(4-Fluorophenyl)pyrrolo[1,2-b]pyridazine-5,6,7-
tricarboxylic acid trimethyl ester (2). Mp 194-195 °C; 'H
NMR (CDCly) ¢ 8.66 (d, 1H, J=9.5 Hz), 8.12 (dd, 2H),
7.58 (d, 1H, J=9.5 Hz), 7.19 (m, 2H), 4.03 (s, 3H), 3.98 (s,
3H), 3.94 (s, 3H); °C NMR (CDCls) 6 166.4, 165.6, 162.8,
162.4, 158.7, 152.2, 131.0, 130.9, 130.6, 129.3, 129.1,
128.8, 128.5, 117.4, 116.5, 116.1, 102.8, 53.1, 52.2, 51.9;
HRMS (FAB) m/z=387.0982 (M+H)", caled for
C19H16FN206:387.0992.

4.2.2. 2-(4-Methoxyphenyl)pyrrolo[1,2-b]pyridazine-5,6,
7-tricarboxylic acid trimethyl ester (3). Mp 157-158 °C;
"H NMR (CDCl;) ¢ 8.57 (d, 1H, J=9.6 Hz), 8.02 (d, 2H,
J=88Hz), 7.55 (d, 1H, J=9.6 Hz), 7.01 (d, 2H, J=
2.7 Hz), 4.02 (s, 3H), 3.97 (s, 3H), 3.92 (s, 3H), 3.88 (s, 3H);
13C NMR (CDCl5) 6 165.8, 162.8, 161.7, 158.8, 152.7,
130.6, 128.6, 128.1, 127.2, 117.3, 116.2, 114.6, 102.6, 55 .4,
53.0, 52.1, 51.9; HRMS (FAB) m/z=399.1199 (M+H) ™,
calcd for C,oH;oN,07;=399.1192. Anal. Calcd for
Cy0H13sN>O57: C, 60.30; H, 4.55; N, 7.03. Found: C, 60.03;
H, 4.36; N, 7.26.

4.2.3. 2-Naphthalen-2-yl-pyrrolo[1,2-b]pyridazine-5,6,7-
tricarboxylic acid trimethyl ester (4). Mp 180-182 °C; 'H
NMR (CDCl5) 6 8.58 (d, 1H, J=9.5 Hz), 8.41 (s, 1H), 8.25
(dd, 1H, J,=8.6 Hz and J,=1.5Hz), 7.94 (d, 2H, J=
8.3 Hz), 7.86 (m, 1H), 7.70 (d, 1H, J=9.5 Hz), 7.53 (m,
2H), 4.04 (s, 3H), 3.98 (s, 3H), 3.92 (s, 3H); °C NMR
(CDCl3) 6 165.7, 162.8, 158.7, 152.8, 134.3, 133.1, 132.0,
130.7, 129.1, 128.8, 128.7, 128.4, 128.1, 127.8, 127.5,
127.2, 126.7, 123.9, 1174, 116.5, 102.7, 53.0, 52.2, 51.9;
HRMS (FAB) m/z=419.1243 (M+H)", calcd for
C23H19N206:419.1243.

4.2.4. 2-(2-p-Tolylvinyl)pyrrolo[1,2-b]pyridazine-5,6,7-
tricarboxylic acid trimethyl ester (5). Mp 240-241 °C;
"H NMR (CDCl5) 6 8.53 (d, 1H, J=9.6 Hz), 7.43-7.68 (m,
4H), 7.12-7.26 (m, 3H), 4.01 (s, 3H), 3.96 (s, 3H), 3.91 (s,
3H); '*C NMR (CDCls) 6 165.7, 162.8, 158.8, 152.8, 139.7,
136.4, 132.8, 130.9, 129.7, 128.5, 127.6, 127.4, 123.5,
117.3, 116.0, 102.9, 53.0, 52.2, 51.9, 21.4; MS (FAB)
miz=409.3 (M+H)". Anal. Calcd for C,,H»N,Oq: C,
64.70; H, 4.94; N, 6.86. Found: C, 64.87; H, 4.97; N,
6.74.

4.2.5. 2-[2-(4-Methoxyphenyl)vinyl]pyrrolo[1,2-b]pyri-
dazine-5,6,7-tricarboxylic acid trimethyl ester (6). Mp
216-217 °C; 'H NMR (CDCls) 6 8.52 (d, 1H, J=9.6 Hz),
7.55 (d, 2H, J=8.8 Hz), 7.48 (d, 1H, J=9.6 Hz), 7.43 (d,
1H, J=2.7 Hz), 7.13 (d, 1H, J=16.5 Hz), 6.94 (d, 2H, J=
8.8 Hz), 4.01 (s, 3H), 3.96 (s, 3H), 3.91 (s, 3H), 3.86 (s, 3H);
3C NMR (CDCl5) 6 165.8, 162.8, 160.7, 158.8, 152.9,
136.0, 130.9, 128.9, 128.4, 128.3, 127.5, 122.2, 117.2,
116.0, 114.4,102.8, 55.4, 53.0, 52.2, 51.9; MS (FAB) m/z=
4253 (M+H)™". Anal. Calcd for C»,H,N,07: C, 62.26; H,
4.75; N, 6.60. Found: C, 62.41; H, 4.79; N, 6.59.

4.2.6. 2-[2-(4-Fluorophenyl)vinyl]pyrrolo[1,2-b]pyrida-
zine-5,6,7-tricarboxylic acid trimethyl ester (7). Mp
189-190 °C; 'H NMR (CDCls) 6 8.58 (d, 1H, J=9.5 Hz),
7.61-7.02 (m, 8H), 4.01 (s, 3H), 3.95 (s, 3H), 3.87 (s, 3H);
13C NMR (CDCl5) 6 165.7, 165.4, 162.8, 159.70, 157.4,
152.4, 135.1, 131.8, 131.4, 1309, 127.8, 124.3, 117.3,
116.2, 115.9, 114.8, 103.0, 53.0, 52.0, 51.8; MS (FAB)
mlz=413.3 M+H)". Anal. Caled for C,;H;7FN,O¢: C,
61.16; H, 4.16; N, 6.79. Found: C, 61.01; H, 4.26; N,
6.64.

4.2.7. 2-(2-Naphthalen-2-yl-vinyl)pyrrolo[1,2-b]pyrida-
zine-5,6,7-tricarboxylic acid trimethyl ester (8). Mp
191-192°C; 'H NMR (CDCls) 6 8.53 (d, 1H, J=
10.0 Hz), 7.95 (s, 1H), 7.85-7.77 (m, 4H), 7.68 (d, 1H,
J=17.5Hz), 7.52-7.43 (m, 3H), 7.38 (d, 1H, J=17.5 Hz),
4.02 (s, 3H), 3.97 (s, 3H), 3.91 (s, 3H); '*C NMR (CDCl;) 6
165.7, 162.7, 158.7, 152.5, 136.4, 133.8, 133.4, 133.0,
130.8, 128.7, 128.3, 127.8, 127.6, 126.8, 126.6, 124.6,
123.4, 117.3, 116.0, 102.9, 53.0, 52.2, 51.9; MS (FAB)
mlz=4453 (M+H)". Anal. Calcd for C,sH,oN,Oq: C,
67.56; H, 4.54; N, 6.30. Found: C, 67.68; H, 4.46; N,
6.32.

4.2.8. 2-(2-Naphthalen-1-yl-vinyl)pyrrolo[1,2-b]pyrida-
zine-5,6,7-tricarboxylic acid trimethyl ester (9). Mp
192-193 °C; 'H NMR (CDCl5) 6 8.57 (d, 1H, J=9.5 Hz),
8.35 (d, 1H, J=16.2 Hz), 8.22 (d, 1H, J=8.0 Hz), 7.85-
7.89 (m, 3H), 7.52-7.59 (m, 4H), 7.32 (d, 1H, J=16.2 Hz),
4.03 (s, 3H), 3.97 (s, 3H), 3.93 (s, 3H); '*C NMR (CDCl;) 6
165.7, 162.8, 158.8, 152.6, 133.7, 133.3, 132.9, 131.3,
130.9, 129.7, 128.8, 128.7, 127.7, 127.1, 126.7, 126.1,
125.7, 124.6, 123.3, 117.4, 116.2, 102.9, 53.0, 52.2, 51.9;
MS (FAB) m/z=4453 (M+H)". Anal. Calcd for
C,5sH,y0N,Og: C, 67.56; H, 4.54; N, 6.30. Found: C, 67.45;
H, 4.54; N, 6.26.

4.2.9. 2-(2-Biphenyl-4-yl-vinyl)pyrrolo[1,2-b]pyridazine-
5,6,7-tricarboxylic acid trimethyl ester (10). Mp 236-
237 °C; 'H NMR (CDCl;) 6 8.56 (d, 1H, J=9.5 Hz), 7.59—
7.71 (m, 6H), 7.52 (d, 1H, J=6.4 Hz), 7.34-7.49 (m, 4H),
7.26 (d, 1H), 4.01 (s, 3H), 3.97 (s, 3H), 3.92 (s, 3H); °C
NMR (CDCl3) 6 165.7, 162.8, 158.7, 152.6, 142.2, 140.3,
135.9, 134.5, 130.9, 128.9, 128.6, 127.9, 127.7, 127.6,
127.5, 127.0, 124.4, 117.3, 116.0, 102.9, 53.0, 52.2, 51.9;
MS (FAB) m/z=471.3 (M+H)". Anal. Calcd for
C,7H2:N,06: C, 68.93; H, 4.71; N, 5.95. Found: C, 68.85;
H, 4.78; N, 5.92.

4.2.10. 2-(2-Anthracen-9-yl-vinyl)pyrrolo[1,2-b]pyrida-
zine-5,6,7-tricarboxylic acid trimethyl ester (11). Mp
209-210 °C; '"H NMR (CDCls) 6 8.65 (d, 1H, J=9.5 Hz),
8.44 (d, 1H, J=16.7 Hz), 8.43 (s, 1H), 8.31 (m, 2H), 8.03
(m, 2H), 7.62 (d, 1H, J=9.6 Hz), 7.50 (m, 4H), 7.16 (d, 1H,
J=16.7 Hz), 4.03 (s, 3H), 3.94 (s, 3H), 3.92 (s, 3H); '3C
NMR (CDCly) 6 178.7, 177.0, 173.8, 165.7, 162.8, 158.8,
152.1, 151.5, 133.4, 132.8, 131.4, 131.0, 130.4, 129.5,
128.9, 128.8, 128.0, 127.9, 126.5, 126.2, 125.7, 125.4,
125.3,53.1,52.2, 51.9; HRMS (FAB) m/z=495.1531 M+
H)+, calcd for C29H23N206=495.1556.
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4.3. General procedure for the preparation of 2-aryl-
ethynyl-pyrrolo[1,2-b]pyridazine-5,6,7-tricarboxylic
acid trimethyl ester (12-13)

Dimethyl acetylenedicarboxylate (DMAD) (1 mmol) was
added dropwise to a stirring solution of 3-arylethynyl-
pyridazine (0.5 mmol) in anhydrous methanol (6 mL) at
0 °C. Stirring was continued at 0 °C for 1.5 h and then at
ambient temperature 24 h. Solvents were evaporated under
vacuum and the residue, which contains tarry impurities was
eluted on silica gel column using hexane + ethyl acetate 7:3.
It was again crystallized in methanol with trace amount of
dichloromethane. Yields were ranging from 15 to 20%.

4.3.1. 2-Phenylethynylpyrrolo[1,2-b]pyridazine-5,6,7-
tricarboxylic acid trimethyl ester (12). Mp 188-189 °C;
"H NMR (CDCl5) 6 8.60 (d, 1H, J=9.4 Hz), 7.66-7.62 (m,
2H), 7.45-7.36 (m, 3H), 7.30 (d, 1H, J=10.00 Hz), 4.02 (s,
3H), 3.97 (s, 3H), 3.92 (s, 3H); '*C NMR (CDCls) 6 165.4,
162.5, 158.5, 140.8, 132.3, 130.4, 129.9, 129.0, 128.5,
127.7, 121.2, 117.6, 103.2, 93.9, 84.9, 53.0, 52.4, 52.0;
HRMS (FAB) m/z=393.1098 (M+H)", calcd for
C21H17N206=393.1087. Anal. Calcd for C21H16N206: C,
64.28; H, 4.11; N, 7.14. Found: C, 64.26; H, 4.14; N, 7.40.

4.3.2. 2-(4-Fluorophenylethynyl)pyrrolo[1,2-b]pyrida-
zine-5,6,7-tricarboxylic acid trimethyl ester (13). Mp
167-168 °C; "H NMR (CDCl;) ¢ 8.61 (d, 1H, J=10 Hz),
7.67-7.59 (m, 2H), 7.29 (d, 1H, J=10 Hz), 7.14-7.08 (m,
2H), 4.02 (s, 3H), 3.97 (s, 3H), 3.92 (s, 3H); '*C NMR
(CDCl3) o0 165.1, 162.5, 161.4, 158.5, 140.7, 134.4, 134.3,
130.4, 129.1, 127.8, 121.1, 117.6, 117.3, 117.2, 116.2,
115.8, 103.3, 92.8, 84.7, 53.1, 52.4, 52.0; HRMS (FAB)
mlz=411.1007 M+H)", caled for C, H;cFN,O¢=
411.0992. Anal. Calcd for C,;H;{5FN,O4: C, 61.47; H,
3.68; N, 6.83. Found: C, 61.62; H, 3.64; N, 7.00.

4.4. General procedure for the preparation 3-aryl-
pyridazines via Suzuki cross-coupling (14-16)

These compounds were prepared according to a modified
literature method.® A mixture of 3-iodopyridazine
(2.42 mmol), arylboronic acid (3.64 mmol), Pd(PPh;),
(0.075 mmol), toluene (20 mL) and Na,CO; (2.6 mL,
2 M) was flushed with N, for 5 min under stirring. The
reaction mixture was heated at 120 °C for 18-24 h under a
N, atmosphere. After cooling to room temperature the
solvents were evaporated to dryness under reduced pressure.
EtOAc (80 mL) was added and the suspension was placed in
an ultrasonic bath for 5 min. The mixture was filtered,
washed the residue thoroughly with EtOAc (~40 mL) and
the filtrate evaporated under reduced pressure to dryness.
The residue was purified by flash column chromatography
on silica gel using EtOAc.

4.4.1. 3-(4-Fluorophenyl)pyridazine (14). Mp 122-
123 °C; '"H NMR (CDCl3) 6 9.15 (dd, 1H, J,=4.9 Hz and
J>=1.6 Hz), 8.03-8.11 (m, 2H), 7.83 (dd, 1H, J;=8.7 Hz
and J,=1.6 Hz), 7.54 (dd, 1H, J;=8.6 Hz and J,=4.8 Hz),
7.16-7.27 (m, 2H); '*C NMR (CDCl;) 6 166.4, 162.5,
158.7, 150.2, 132.8, 129.4, 129.2, 127.0, 123.8, 116.5,
116.2; HRMS (EI) m/z=174.0588 (M)", caled for
C|0H7FN2: 174.0593.

4.4.2. 3-(4-Methoxyphenyl)pyridazine (15). Mp 107-
108 °C; 'H NMR (CDCl5) 6 9.10 (dd, 1H, J,=4.8 Hz and
J>=1.6 Hz), 8.03-8.08 (m, 2H), 7.80 (dd, 1H, J;=8.7 Hz
and J,=1.6 Hz), 7.47 (dd, 1H, J;,=8.7 Hz and J,=4.9 Hz),
7.02-7.08 (m, 2H), 3.89 (s, 3H); *C NMR (CDCl;) 6 161.7,
159.4, 149.9, 129.16, 129.0, 128.8, 127.1, 123.6, 114.8,
114.3, 55.8; HRMS (EI) m/z=186.0789 (M)*, calcd for
C11H10N2021860793 Anal. Calcd for C“HloNzO: C,
70.95; H, 5.41; N, 15.0. Found: C, 70.71; H, 5.49; N, 15.18.

4.4.3. 3-Naphthalen-2-yl-pyridazine (16). Mp 173-
174 °C; "H NMR (CDCl3) 6 9.20 (dd, 1H, J,=4.8 Hz and
J,=1.6 Hz), 8.58 (d, 1H, J=102 Hz), 8.24 (dd, 1H, J,=
8.6 Hz and J,=1.8 Hz), 8.05-7.99 (m, 4H), 7.62-7.55 (m,
3H); '*C NMR (CDCl3) 6 159.4, 150.0, 134.1, 133.6, 133 .4,
128.9, 128.8, 127.8, 127.2, 127.0, 126.8, 126.6, 124.2,
124.1; MS (FAB) m/z=206.2 (M+H)™".

4.5. General procedure for the preparation of 3-(2-aryl-
vinyl)pyridazine derivatives (17-23)

These compounds were prepared according to a modified
literature method.®® Aromatic aldehyde (10 mmol) was
slowly added over a period of 5h to a mixture of the
3-methylpyridazine (10 mmol) and tetrabutylammonium
hydrogen sulfate (1 mmol) in a hot aqueous solution
(50 mL) of sodium hydroxide (5 M) under stirring. The
reflux was maintained for 3 h. After cooling overnight the
separated solid was filtered, washed with small amount of
cold water and dried. The crude product was purified by
eluting on silica gel column using ethyl acetate/hexane 1:1.
Yields were ranging from 40 to 60%.

4.5.1. 3-(2-p-Tolyl-vinyl)pyridazine (17). Mp 121-122 °C;
'"H NMR (CDCl;) ¢ 9.03 (dd, 1H, J,=4.8 Hz and J,=
1.6 Hz), 7.72-7.58 (m, 2H), 7.51 (s, 1H), 7.48 (s, 1H), 7.44
(dd, 1H, J,=8.6 Hz, J,=4.9 Hz), 7.31 (d, 1H, J=10.7 Hz),
7.19 (s, 1H), 7.14 (s, 1H), 2.38 (s, 3H); >C NMR (CDCls) 6
158.4, 149.5, 139.3, 135.1, 134.8, 133.2, 129.6, 129.2,
127.7, 127.3, 127.0, 126.3, 124.7, 123.9, 123.8, 21.4; MS
(FAB) m/z=197.3 M+H)™".

4.5.2. 3-(2-Biphenyl-4-yl-vinyl)pyridazine (20). Mp 186—
187 °C; "H NMR (CDCl3) 6 9.05 (dd, 1H, J,=4.8 Hz and
J,=1.5Hz), 7.74 (d, 1H, J=16.5 Hz), 7.61-7.66 (m, 7H),
7.36-7.49 (m, 4H), 7.13 (d, 1H, J=16.5 Hz); '*C NMR
(CDCl3) 0 158.3, 149.6, 141.8, 140.4, 134.9, 134.7, 128.9,
127.8, 127.6, 127.5, 127.3, 127.0, 126.4, 125.1, 123.9; MS
(FAB) m/z=259.3 M+H)™".

4.5.3. 3-(2-Naphthalen-2-yl-vinyl)-pyridazine (21). Mp
166-167 °C; "H NMR (CDCls) 6 9.05 (dd, 1H, J,=4.9 Hz
and J,=1.6 Hz), 7.95 (s, 1H), 7.79-7.88 (m, 5H), 7.66 (d,
1H, J=8.4 Hz), 7.42-7.51 (m, 4H); '*C NMR (CDCl5) 6
158.3, 149.7, 135.2, 133.7, 133.5, 133.4, 128.6, 128.5,
128.3, 127.8, 126.7, 126.6, 126.5, 125.5, 124.0, 123.4; MS
(FAB) m/z=233.3 (M+H)™. Anal. Calcd for C,sH;,N>: C,
82.73; H,5.21; N, 12.06. Found: C, 82.59; H, 5.25; N, 11.87.

4.5.4. 3-(2-Naphthalen-1-yl-vinyl)-pyridazine (22). Mp
82-83 °C; "H NMR (CDCl3) 6 9.05 (dd, 1H, J, =4.9 Hz and
J,=1.6 Hz), 8.54 (d, 1H, J=16.5Hz), 8.29 (d, 1H, J=
7.6 Hz), 7.82-7.86 (m, 3H), 7.68 (dd, 1H, J;=8.6 Hz and
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J>,=1.6 Hz), 7.43-7.56 (m, 4H), 7.40 (d, 1H, J=16.5 Hz);
13C NMR (CDCls) 6 158.2, 149.7, 133.7, 133.5, 132.2,
131.4, 129.4, 128.7, 127.7, 126.5, 126.4, 126.1, 125.6,
124.4, 124.3, 123.6; MS (FAB) m/z=2333 (M+H)™.
Anal. Calcd for CigH,N>: C, 82.73; H, 5.21; N, 12.06.
Found: C, 82.56; H, 5.27; N, 11.99.

4.5.5. 3-(2-Anthracen-9-yl-vinyl)-pyridazine (23). Mp
172-173 °C; "H NMR (CDCl3) 6 9.15 (dd, 1H, J,=4.9 Hz
and J,=1.6 Hz), 8.66 (d, 1H, /J=16.5 Hz), 8.45 (s, 1H),
8.36 (m, 2H), 8.03 (m, 2H), 7.72 (dd, 1H, J,=8.6 Hz and
J,=1.6 Hz), 7.45-7.53 (m, 5H), 7.21 (d, 1H, J=16.5 Hz);
C NMR (CDCls) 6 157.8, 150.0, 133.6, 132.2, 131.4,
131.1, 129.6, 128.8, 127.5, 126.6, 125.9, 125.5, 125.3,
124.4; MS (FAB) m/z=283.3 (M+H)". Anal. Calcd for
CooH 14N> C, 85.08; H, 5.00; N, 9.92. Found: C, 84.88; H,
5.01; N, 9.73.

4.6. General procedure for the preparation of 3-(2-
arylethynyl)pyridazines via Sonogashira coupling
(24-25)

These compounds were prepared according to a modified
literature method.® The suspension of iodopyridazine
(2.91 mmol), Pd(PPh;),Cl, (0.06 mmol) and copper(I)
iodide (0.30 mmol), in dry THF (12 mL) and dry
triethylamine (12 mL) was stirred at room temperature
under argon atmosphere for 15 min. To this suspension the
terminal alkyne (3.50 mmol), dissolved in dry THF (5 mL)
was added. The reaction mixture was stirred for 5h at
55-60 °C. The solvents were removed in vacuo, and the
residue was dissolved in chloroform (50 mL) and filtered
out the solids. The chloroform solution was washed with
water (4 X 10 mL each), dried over Na,SO, and evaporated
the solvents in vacuo. The residue was purified on silica
column using hexane +ethyl acetate 3:7 solvent mixture.
Yields were ranging from 60 to 70%.

4.6.1. 3-Phenylethynylpyridazine (24). Mp 72-73 °C; 'H
NMR (CDCly) 6 9.14 (d, 1H, J=3.93 Hz), 7.71-7.61 (m,
3H), 7.42-7.38 (m, 4H); '3C NMR (CDCl;) 6 149.3, 148.4,
132.6, 132.2, 129.5, 129.6, 128.5, 125.7, 121.5, 93.9, 85.7;
HRMS (EI) m/z=180.0692 (M), calcd for C;,HgN,=
180.0687. Anal. Calcd for C;,HgN,: C, 79.98; H, 4.47; N,
15.55. Found: C, 79.88; H, 4.38; N, 15.60.

4.6.2. 3-(4-Fluorophenylethynyl)pyridazine (25). Mp
129-130 °C; '"H NMR (CDCl;) 6 9.18 (s, 1H), 7.66-7.52
(m, 4H), 7.19-7.06 (m, 2H); >*C NMR (CDCl5) ¢ 165.3,
161.3, 149.3, 134.3, 134.2, 129.5, 125.7, 117.6, 117.5,
116.1, 115.8, 92.8, 85.5; HRMS (EI) m/z=198.0611 (M),
calcd for C;,H,FN,=198.0593.

4.7. Cyclic voltammetry (CV) measurement

All the electrochemical measurements were carried out in
acetonitrile solutions containing 1 mM electroactive com-
pound and 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPFg), respectively, at room temperature using a BAS
100B electrochemical analyzer. A glassy carbon disk
(diameter 3 mm) and platinum wire were used as working
and counter electrodes. The reference electrode used was
Ag|AgNO; (0.1 M), and all the potential values were

calibrated versus the ferrocene/ferrocenium (Fc|Fc ™) redox
couple. The potential values shown in this text were then
corrected to the saturated calomel electrode (SCE) on the
basis of Fc|Fct redox potential as 0.44 V versus SCE,3&10-12
unless otherwise specified. The potential scan rate was
varied from 0.1 to 1 V/s to check the reversibility of redox
waves. E,, (anodic peak potential) and E,. (cathodic peak
potential) were shown for redox waves.
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1. Introduction

Indole derivatives are known to possess various biological
properties including antibacterial, cytotoxic, antioxidative
and insecticidal activities, many indole derivatives are used
as antibiotics in pharmaceuticals." Among them, bisindolyl-
alkanes (BIAs) are important class of bioactive metabolite.”
With the continuing isolation of structurally more versatile
BIAs,’ the demand for efficient synthesis of BIAs become
an increasing interest in organic synthesis.* In previous
reports concering synthesis of BIAs, most of them involve
the electrophilic substitution of indoles with various
aldehydes or ketones in the presence of either protic’ or
Lewis acids.® Although the synthesis of symmetrical BIAs
has been studied extensively throughout the last century, the
synthesis of unsymmetrical BIAs is still highly sought-after
in synthetic community.” To the best of our knowledge there
were only two general synthetic approaches for the
synthesis of unsymmetrical BIAs reported by Yannick
Vallee®'” and Chakrabarty.® Yannick Vallee™'® firstly
reported the synthesis of unsymmetrical BIAs, but the
operation was complicated. Chakrabarty® reported that
through the Michael reactions of 3-(2-nitrovinyl)indole
with indoles, unsymmetrical BIAs also could be obtained,
however, the method was limited to 2,2-bis(3-indolyl)-
nitroethane derivatives. Furthermore, they were all suffered
from long reaction time, low yields and complex handling.

Keywords: Indoles; CAN; Ultrasound irradiation; Unsymmetrical bis(indo-

lyl)methanes.
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In this report, as a continuous research of our previous
work,'! we wish to introduce a simple method for synthesis
of unsymmetrical BIAs. Using this method, various BIAs
can be obtained by changing different substrates (Scheme 1).

R, R,
X
OH M —r, CAN | >

L] "N~ US EOH TR
N H N N

| , H

R R
1 (a-g) 2 (a-i) 3 (a-s)

R=H, Ts
R= Ph, n-Nonanyl, n-Octanyl, n-Hexanyl, n-Butanyl
R,=CH;s, H, BnO, Ts

Scheme 1.

In recent years, ceric ammonium nitrate (CAN) has received
considerable attention as an inexpensive and easily
available catalyst for various organic reactions such as
oxidation, oxidative addition, nitration, photo-oxidation,
deprotection, graft polymerization etc.'> CAN as a catalyst
to catalyze the reaction of indoles with carbonyl compounds
to afford the symmetrical BIAs has been reported by
Biswanath Das and co-workers.' However, the reaction
must be performed using the toxic CH3CN as solvent under
the protection of N, atmosphere and was only limited to the
synthesis of symmetrical BIAs.

Ultrasonic irradiation was demonstrated to be an efficient
synthetic technique for activating various organic reactions
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proceeding via single electron transfer (SET) mechanism or
radical route.'* Many organic transformations can be
accelerated by ultrasonic irradiation with fast reaction
rate, short reaction time, high yields and sometimes good
selectivity."

In this report, we described an ultrasound-accelerated
reaction of indoles with (1H-indol-3-yl) (alkyl)methanol'®
1 using a catalytic amount of CAN, which provided an
efficient route to the synthesis of unsymmetrical BIAs
(Scheme 1).

2. Results and discussion

The reactions were first carried out using 1:1 molar ratio of
(1H-indol-3-yl)(phenyl)methanol 1a and 2b along with a
catalytic amount of CAN in different solvents under
ultrasonic irradiation. The results were summarized in
Table 1. It was observed that the reaction proceeded
efficiently in the presence of CAN (10 mol%) and
anhydrous alcohols (MeOH or EtOH, 2mL) at room
temperature, giving the unsymmetrical BIAs 3b in excellent
yields (92-96%) (Table 1, entries 1-2), (Scheme 2).
Considering the lower toxicity of EtOH, thus we carried
out this reaction in anhydrous EtOH. In addition, it has also
been found that the same reaction did not progress well in
n-PrOH and aqueous EtOH media under identical con-
ditions, affording the product in 75 and 77% yields,
respectively (Table 1, entries 3—4).

Table 1. The solvent effect of reaction of 5-methyl-indole with (1H-indol-
3-yl)(phenyl)methanol 1a*

Entry Solvent Time (h) Yield (%)°
1 MeOH 35 96
2 EtOH 2.5 92
3 n-PrOH 4.5 75
4 90% EtOH 5 77

* All reactions were carried out using a catalytic amount of CAN (10 mol%)
at room temperature.
® Isolated yields.

CAN
OH + ‘ ‘ —
U.S. Solvents
N N
H

H

Scheme 2.

The reaction of (1H-indol-3-yl)(phenyl)methanol 1a with
2b was then carried out using different Lewis acids under
ultrasonic irradiation at room temperature. As shown in
Table 2, it was found that the other two ceric salts Ce(NOs)3
and Ce,(C,04); (Table 2, entries 2—-3) did not improve the
reaction under identical reaction conditions in comparison
to CAN. Furthermore, it was found that the reaction could
also be carried out using Lewis acid Bi(NOj); (Table 2,

Table 2. Lewis acid mediated reaction of 5-methyl-indole with (1H-indol-
3-yl)(phenyl)methanol 1a®

Entry Lewis acid Time (h) Yield (%)°
1 CAN 2.5 92
2 Ce(NO»)3 4.5 89
3 Cey(Cy04)3 6.5 40
4 Bi(NO3)3 2.5 71

* All reactions were carried out using 10 mol% catalyst under sonic
irradiation.
® Isolated yields.

Scheme 3.

entry 4), but the yield was relatively low (71%). Therefore,
CAN was found to be superior in terms of conversion and
reaction time (Scheme 3).

Prompted by this success, we extended the reaction of
(1H-indol-3-yl)(alkyl)methanol 1a with a wide range of
other substituted indole compounds under similar con-
ditions at room temperature, furnishing the unsymmetrical
BIAs in good to excellent yields (Table 3). Our findings
reflected the wide applicability and usefulness of this
method. In all cases, the reactions proceeded efficiently to
give the corresponding unsymmetrical BIAs in moderate to
excellent yields (75-96%). Even aliphatic substrates such
as 1-(1H-indol-3-yl)decan-1-o0l 1b, (1H-indol-3-yl)metha-
nol 1d, 1-(1H-indol-3-yl)pentan-1-ol 1le, 1-(1H-indol-3-
yDheptan-1-ol 1f and 1-(1H-indol-3-yl)nonan-1-ol 1gcould
also react with substituted indoles to afford the desired
products 3g, 3m-3s in good yields (80-96%, Table 3,
entries 7 and 14-20). The reactions were clean and the
products were obtained in moderate to excellent yields
without the formation of any by-products. However, the
reaction of 5-nitroindole 2i and phenyl(1-tosyl-1H-indol-3-
ylmethanol 1c¢ did not occur under above conditions
(Table 3, entry 13), (Scheme 4).

3. Conclusions

In summary, we have developed a simple, novel and
efficient synthetic protocol for the synthesis of unsym-
metrical BIAs using a catalytic amount of CAN under
ultrasonic irradiation at room temperature. It is superior to
the existing synthetic routes to the synthesis of unsym-
metrical BIAs for a number of reasons, viz. (i) it is fast and
efficient, employs a cheap, non-toxic CAN as the catalyst
and involves a simple work-up; (ii) using this method, we
can obtain various BIAs simply by changing different
substrates.
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Table 3. Reaction of indoles with (1H-indol-3-yl)(phenyl)methanol 1a—d*

Entry 1 2 Product (3) Time Yield
(h) (%)°
I
N
1 1a H 2a 3a 2 93
T
N
2 1a H 2b 3b 25 9
Swul
N
H
3 la 2¢ 3c 2.5 89
||
N
4 1a H 2d 3d 25 95
oW
N
5 1a H 2e 3e 25 9
Sw
N
6 1a Ts 2f 3t 2 89
||
7 [ OH 1b N 2b 3g 25 90
H
N
H
> .
N
H
8 I | oy le 2d 3h 35 75
N
Ts
oW
N
9 1c 2a 3t 25 92
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Table 3 (continued)
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Entry 1 2 Product (3) Time Yield
(h) (%)°
W
N
10 1c H 2b 3i 35 78
BzO
T
N
11 1c H 2g 3j 25 77
L
N
H
12 1c 2h 3k 3 85
N
Ts
0,N
1w
N
13 1c H 2i 31 5 ne
OH
N N
H H
oul
15 1d INI 2¢ 3n 2.5 80
n-C,Hy
||
16 GU)\OH le N 2b 30 25 9%
N
H
||
17 Te N 2d 3p 25 84
||
18 ©U)\OH 1f N 2b 3q 2.5 82
N
H
||
19 ©U)\0H 1g N 2b 3r 25 80
N
H
[
20 1g N 2d 3s 25 86

* All reactions were carried out in anhydrous ethanol at room temperature under ultrasound irridiation, employing 10 mol% CAN.
® Isolated yields. All products are fully characterized by IR, 'HNMR, HRMS and mp etc.

¢ No reaction.
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R, R,
X
OH [ L, CAN | X
|| AN US EOH L o®
N N N N
w H
R R

1 2
Scheme 4.

4. Experimental

4.1. General

Melting points were recorded on an Electrothermal digital
melting point apparatus and uncorrected. 'H NMR
(400 MHz) spectra were recorded on a Varian Mercury
MHz spectrometer in CDCl;. IR Spectra were obtained on a
Nicolet FT-IR500 spectrophotometer using KBr pellets.
High resolution mass spectra were obtained using GCT-
TOF instrument. Ultrasonic irradiation was performed in a
KQ-250E ultrasonic cleaner with a frequency of 40 KHz
and a normal power of 250 W. The reaction flask was
located in the water bath of the ultrasonic cleaner.

4.2. Typical experimental procedure

A mixture of (1H-indol-3-yl)(phenyl)methanol 1a (0.112 g,
0.5 mmol), 5-methylindole 2b (0.066 g, 0.5 mmol), CAN
(0.028 g, 0.05 mmol) and anhydrous EtOH (2 mL) was
irradiated under ultrasound in an open vessel at room
temperature until the disappearance of the starting material
(2.5 h, checked by TLC). After standing for 2 h, the reaction
mixture was poured into water and the precipitated solid
was collected, washed with warm water (about 80 °C, 2 X
10 mL). The crude mixture was purified by flash column
chromatography (EtOAc/petroleum ether 1:4) to afford the
pure product.

4.2.1. 1H, 1'H-3, 3'-Phenylmethanediyl-bis-indole, 3a.
Brown powder; mp 142-144°C; IR (KBr): » 3395,
2863 cm ™ '; '"H NMR (400 MHz, CDCl;): 6 5.90 (s, 1H),
6.66 (s, 2H), 7.02 (t, J=5.6 Hz, 2H), 7.18 (t, J=7.2 Hz,
2H), 7.23 (d, J=7.2 Hz, 1H), 7.29 (t, J=8.2 Hz, 3H), 7.36
(d, /=8.0 Hz, 3H), 7.40 (d, J=8.4 Hz, 2H), 7.89 (s, 2H),
HRMS [found: m/z, 322.1445 (M"); calcd for Cp3H,gN»:
M, 322.1470].

4.2.2. 3-((5-Methyl-1H-indol-3-yl)(phenyl)methyl)-1H-
indole, 3b. Brown solid; mp 87-89 °C; IR (KBr): » 3409,
2960, 2842 cm ™ '; '"H NMR (400 MHz, CDCls): 6 2.49 (s,
3H), 5.89 (s, 1H), 6.66 (s, 2H), 6.92-7.03 (m, 3H), 7.16-
7.30 (m, 5H), 7.35-7.41 (m, 4H), 7.83 (s, 1H), 7.90 (s, 1H),
HRMS [found: m/z, 336.1614 (M"); calcd for CpyHooNo:
M, 336.1626].

4.2.3. 3-((3-Methyl-1H-indol-2-yl)(phenyl)methyl)-1H-
indole, 3c. Black powder; mp 101-103 °C; IR (KBr): v
3407, 2960, 2853 cm™'; '"H NMR (400 MHz, CDCl;): 6
2.27 (s, 3H), 5.95 (s, 1H), 6.70 (s, 1H), 7.00 (t, J=5.6 Hz,
1H), 7.11 (t, J=2.8 Hz, 2H), 7.17-7.25 (m, 3H), 7.27-7.38
(m, 6H), 7.36 (d, J=8.0 Hz, 2H), 7.58 (d, /=4.8 Hz, 1H),
7.67 (s, 1H), 8.05 (s, 1H), HRMS [found: m/z, 336.1610
(M™); caled for CoqHooNo: M, 336.1626].

3

4.2.4. 3-((7-Methyl-1H-indol-3-yl)(phenyl)methyl)-1H-
indole, 3d. Brown powder; mp 145-147 °C; IR (KBr): v
3406, 3385, 2925, 2848cm '; 'H NMR (400 MHz,
CDCl5): 6 2.36 (s, 3H), 5.87 (s, 1H), 6.61 (s, 1H), 6.66 (s,
1H), 7.00 (s, 1H), 7.01 (s, 1H), 7.06-7.35 (m, 6H), 7.37-
7.40 (m, 4H), 7.82 (s, 1H), 7.90 (s, 1H), HRMS [found: m/z,
336.1613 (M ™); caled for Co4HooNy: M, 336.1626].

4.2.5. 3-((6-Methyl-1H-indol-3-yl)(phenyl)methyl)-1H-
indole, 3e. Pink powder; mp 91-93 °C; IR (KBr): » 3409,
2918, 2956 cm ™ '; '"H NMR (400 MHz, CDCls): 6 2.44 (s,
3H), 5.87 (s, 1H), 6.58 (s, 1H), 6.66 (s, 1H), 6.61 (s, 1H),
6.99 (s, 1H), 7.00-7.40 (m, 10H), 7.77 (s, 1H), 7.89 (s, 1H),
HRMS [found: m/z, 336.1609 (M "); calcd for CayHaoNo:
M, 336.1626].

4.2.6. 3-((1H-Indol-3-yl)(phenyl)methyl)-1-tosyl-1H-
indole, 3f. Yellow solid; mp 196-198 °C; IR (KBr): v
3430 cm ™ '; '"H NMR (400 MHz, CDCl;): 6 2.38 (s, 3H),
5.73 (s, 1H), 6.57 (d, J=7.2 Hz, 1H), 7.00-7.12 (m, 3H),
7.20-7.30 (m, 16H), 7.39 (d, J=7.6 Hz, 1H), 7.62 (d, J=
8.0 Hz, 1H), 7.98 (d, /J=7.6 Hz, 2H), HRMS [found: m/z,
476.1547 (M™); caled for C30H,4N,0,S: M, 476.1558].

4.2.7. 3-(1-(2-Methyl-1H-indol-3-yl)decyl)-1H-indole, 3g.
Brown solid; mp: 105-107 °C; IR (KBr): v 3418, 2925,
2853 cm” ; '"H NMR (400 MHz, CDCls): 6 0.88 (t, J=
4.6 Hz, 3H), 1.24-1.42 (m, 14H), 2.18-2.23 (m, 2H), 2.43
(s, 3H), 4.55 (t, J=6.8 Hz, 1H), 6.90 (s, 2H), 6.95-7.06 (m,
3H), 7.14 (t, J=7.2Hz, 1H), 7.19 (s, 1H), 7.28 (d, J=
8.0 Hz, 1H), 7.47 (d, J=7.6 Hz, 1H), 7.60 (d, J=8.0 Hz,
1H), 7.71 (s, 1H), 7.76 (s, 1H), HRMS [found: m/z,
386.2731 (M™); caled for CogH3oNy: M, 386.2722].

4.2.8. 3-((7-Methyl-1H-indol-3-yl)(phenyl)methyl)-1-
tosyl-1H-indole, 3h. Yellow solid; mp 103-105 °C; IR
(KBr): v 3418, 2960, 2919 cm™'; '"H NMR (400 MHz,
CDCls): 6 2.38 (s, 3H), 2.51 (s, 3H), 5.72 (s, 1H), 6.57 (s,
1H), 6.93-7.12 (m, 5H), 7.19-7.30 (m, 8H), 7.62 (d, J=
7.6 Hz, 2H), 7.92 (s, 1H), 7.98 (d, /J=7.2 Hz, 1H), HRMS
[found: m/z, 490.1698 (M ™1); calcd for Cs;Hy6N,0,S: M,
490.1715].

4.2.9. 3-((5-Methyl-1H-indol-3-yl)(phenyl)methyl)-1-
tosyl-1H-indole, 3i. Pink powder; mp 245-247 °C; IR
(KBr): v 3430, 2919, 2858 cm™'; '"H NMR (400 MHz,
CDCl,): 6 2.37 (s, 6H), 5.71 (s, 1H), 6.52 (s, 1H), 7.04 (s,
2H),7.11 (d, J=6.8 Hz, 2H), 7.20 (d, J=8.4 Hz, 2H), 7.24—
7.29 (m, 8H), 7.64 (d, J=28.0 Hz, 2H), 7.98 (d, J=8.4 Hz,
1H), HRMS [found: m/z, 490.1673 (M+); calcd for
C31H26N20282 M, 4901715]

4.2.10. 5-(Benzyloxy)-3-(phenyl(1-tosyl-1H-indol-3-yl)
methyl)-1H-indole, 3j. Yellow solid; mp 93-95 °C; IR
(KBr): » 1647, 1617 cm ™~ '; "H NMR (400 MHz, CDCl5): 6



10240 X.-F. Zeng et al. / Tetrahedron 61 (2005) 10235-10241

2.19 (s, 3H), 4.90 (s, 2H), 5.67 (s, 1H), 6.54 (d, J=1.6 Hz,
1H), 6.84 (d, J=2.4 Hz, 1H), 6.96-6.99 (m, 1H), 7.06-7.15
(m, 4H), 7.23-7.41 (m, 8H), 7.62 (d, J=28.0 Hz, 2H), 7.90
(s, 1H), 7.97 (d, J=8.8 Hz, 1H), HRMS [found: m/z,
582.1912 (M™); caled for C37H30N,05S: M, 582.1977].

4.2.11. 3-((2-Methyl-1H-indol-3-yl)(phenyl)methyl)-1-
tosyl-1H-indole, 3k. Pink powder; mp 235-237 °C; IR
(KBr): v 3433, 2929, 2860 cm ™ '; '"H NMR (400 MHz,
CDCl5): 6 2.33 (s, 3H), 2.45 (s, 3H), 5.73 (s, 1H), 6.55 (s,
1H), 7.01 (s, 2H), 7.11 (d, J=7.2 Hz, 2H), 7.20 (d, J=
8.4 Hz, 2H), 7.22-7.27 (m, 8H), 7.64 (d, J=8.4 Hz, 2H),
7.95 (d, J=8.0Hz, 1H), HRMS [found: m/z, 490.1644
(M™); caled for C3;HygN»0,S: M, 490.1715].

4.2.12. 3-((2-Methyl-1H-indol-3-yl)methyl)-1H-indole,
3m. Red powder; mp 131-134 °C; IR (KBr): v 3396,
3388, 2960 cm ™~ '; "H NMR (400 MHz, CDCls): 6 4.25 (s,
2H), 2.40 (s, 3H), 7.04 (s, 1H), 7.08-7.12 (m, 3H), 7.15—
7.18 (m, 1H), 7.21-7.27 (m, 1H), 7.40 (d, J=8.0 Hz, 1H),
7.50-7.56 (m, 2H), 7.68 (s, 1H), 8.06 (s, 1H), HRMS
[found: m/z, 260.1311 (M™); caled for C31Hy6N>0,S: M,
260.1313].

4.2.13. 3-((3-Methyl-1H-indol-3-yl)methyl)-1H-indole,
3n. Red powder; mp 136-138 °C; IR (KBr): » 3399, 3389,
2958 cm ™ '; 'H NMR (400 MHz, CDCl5): 6 4.28 (s, 2H),
2.34 (s, 3H), 7.07 (s, 1H), 7.09-7.15 (m, 3H), 7.18-7.19 (m,
1H), 7.21-7.25 (m, 1H), 7.41 (d, J=8.4 Hz, 1H), 7.50-7.56
(m, 2H), 7.80 (s, 1H), 8.02 (s, 1H), HRMS [found: m/z,
260.1304 (M™); caled for C3;Ho6N-0,S: M, 260.1313].

4.2.14. 3-(1-(1H-Indol-3-yl)pentyl)-5-methyl-1H-indole,
30. Red powder; mp 67-69 °C; IR (KBr): v 3412, 3408,
2958 cm™ '; '"H NMR (400 MHz, CDCls): 6 0.97 (t, J=
8.4 Hz, 3H), 1.29-1.33 (m, 4H), 1.39-1.41 (m, 2H), 2.47 (s,
3H), 4.44 (t,J="17.2 Hz, 1H), 6.92-6.98 (m, 3H), 7.03 (t, J=
7.6 Hz, 1H), 7.14 (t, J=7.4 Hz, 1H), 7.21 (d, J=28.0 Hz,
1H), 7.32 (d, J=8.0 Hz, 1H), 7.38 (s, 1H), 7.54-7.62 (m,
1H), 7.80 (s, 1H), 7.89 (s, 1H), HRMS [found: m/z,
316.1946 (M ™); caled for Co,HouN: M, 316.1939].

4.2.15. 3-(1-(1H-Indol-3-yl)pentyl)-7-methyl-1H-indole,
3p. Red powder; mp 81-83 °C; IR (KBr): v 3410, 3400,
2950 cm ™ '; '"H NMR (400 MHz, CDCls): 6 0.98 (t, J=
8.0 Hz, 3H), 1.27-1.33 (m, 4H), 1.39-1.42 (m, 2H), 2.45 (s,
3H), 4.44 (t, J=7.2 Hz, 1H), 6.93-6.97 (m, 3H), 7.05 (t, /=
7.2 Hz, 1H), 7.16 (d, J=7.6 Hz, 1H), 7.20 (d, J=8.0 Hz,
1H), 7.31 (d, /J=8.4 Hz, 1H), 7.39 (s, 1H), 7.56-7.60 (m,
1H), 7.81 (s, 1H), 7.88 (s, 1H), HRMS [found: m/z,
316.1925 (M ™); caled for CoH,4No: M, 316.1939].

4.2.16. 3-(1-(5-Methyl-1H-indol-3-y))heptyl)-1H-indole,
3q. Red powder; mp 89-91 °C; IR (KBr): v 3417, 3410,
2955 cm” !, '"H NMR (400 MHz, CDCls): 6 1.01 (t, J=
8.0 Hz, 3H), 1.45-1.60 (m, 10H), 2.43 (s, 3H), 4.46 (t, J=
7.2 Hz, 1H), 6.95-7.05 (m, 5H), 7.14 (t, J=7.6 Hz, 1H),
7.32 (d, J=8.0 Hz, 1H), 7.45-7.47 (m, 1H), 7.59 (d, J=
7.6 Hz, 1H), 7.82 (s, 1H), 7.88 (s, 1H), HRMS [found: m/z,
344.2270 (M ™); caled for CoyHagNo: M, 344.2252].

4.2.17. 3-(1-(5-Methyl-1H-indol-3-yl)nonyl)-1H-indole,
3r. Brown powder; mp 78-81 °C; IR (KBr): » 3400, 3195,

2951 cm ™ '; '"H NMR (400 MHz, CDCls): 6 0.87 (t, J=
8.4 Hz, 3H), 1.25-1.39 (m, 12H), 2.19-2.22 (m, 2H), 2.46
(s, 3H), 4.46 (t, J=7.2 Hz, 1H), 6.95-7.05 (m, 5H), 7.14 (t,
J=7.6 Hz, 1H), 7.32 (d, J=8.0 Hz, 1H), 7.45-7.47 (m, 1H),
7.59 (d, J=7.6 Hz, 1H), 7.82 (s, 1H), 7.88 (s, 1H), HRMS
[found: m/z, 372.2581 (M™); caled for CpgH3oNo: M,
372.2565].

4.2.18. 3-(1-(7-Methyl-1H-indol-3-yl)nonyl)-1H-indole,
3s. Red powder; mp 95-97 °C; IR (KBr): v 3397, 3389,
2959 cm ™ '; '"H NMR (400 MHz, CDCls): 6 0.85 (t, J=
8.0 Hz, 3H), 1.23-1.39 (m, 14H), 2.46 (s, 3H), 4.46 (t, J=
7.2 Hz, 1H), 6.95-7.04 (m, 5H), 7.14 (t, J=8.0 Hz, 2H),
7.32 (d, J=8.0 Hz, 1H), 7.60 (d, J=8.0 Hz, 1H), 7.84 (s,
1H), 7.91 (s, 1H), HRMS [found: m/z, 372.2581 (M™");
calcd for CygH3,N»: M, 372.2565].
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Abstract—The first cryptand/monopyridinium [2]pseudorotaxanes were prepared from five bis(m-phenylene)-32-crown-10- and one bis(m-
phenylene)-26-crown-8-based cryptand hosts and three monopyridinium guests. These pseudorotaxanes were studied by proton NMR
spectroscopy, mass spectrometry, and X-ray crystallography. Association constants ranged from 141 M~ "' to 1.86X 10* M~ "in 1:1 acetone:

chloroform at 22 °C.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Threaded structures, such as pseudorotaxanes, rotaxanes,
catenanes, polypseudorotaxanes, polyrotaxanes, and poly-
catenanes, have been widely studied due to not only their
topological importance but also their potential appli-
cations." Up to now, the main host—guest recognition motifs
used for fabrication of these threaded structures are bis(p-
phenylene)-34-crown-10/paraquat,” crown ether/secondary
ammonium salts,” benzylic tetraamide macrocycle/amides
or phenolates,” cyclic bisparaquat/electron-rich aromatics,’
cyclodextrins/hydrophobic (:ompounds,6 calixarene/para-
quat,” cryptand/paraquat,® dibenzo-24-crown-8/1,2-bispyr-
idiniumethane salts,” and cucurbituril/paraquat or secondary
ammonium salts.'® These recognition motifs are mainly
based on hydrogen bonding, w—m stacking, charge transfer,
and hydrophilic-hydrophobic interactions. Metal-ligand
coordinations have also been widely used in the preparation
of threaded structures."'

The first cryptand was reported in 1968.'** The original
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Pyridinium.

* Corresponding author. Tel.: +1 540 231 8242; fax: +1 540 231 8517;
e-mail: hwgibson@vt.edu

¥ Present address: Department of Chemistry, University of Utah, 315 South
1400 East, Salt Lake City, UT 84112-0850, USA.

*Summer Undergraduate Research participant, 1999, supported by
the National Science Foundation through DMR 922487 REU.
Present address: Department of Chemistry, University of Minnesota,
Minneapolis, MN 55455-0431, USA.

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.08.036

objective for preparing cryptands was to bind metal ions and
small organic molecules strongly by encapsulation.'?
Recently, progress has been made in synthesis of cryptands
and supramolecular cryptands'® that can complex large
organic guests, such as paraquat derivatives and bis-
(secondary ammonium) salts. We reported very strong
complexations between a cryptand and paraquat derivatives
in 1999.% Later, we reported cooperative complexation
between a cryptand and a bisparaquat derivative,*® two
pseudorotaxane-like cryptand/paraquat [3]complexes, and
the formation of dimers of cryptand/paraquat inclusion
complexes driven by dipole-dipole and face-to-face
m-stacking interactions.®® Specifically, a bis(m-phenyl-
ene)-32-crown-10-based diester cryptand with a pyridyl
nitrogen atom located at a site occupied by either water or a
PF¢ anion in analogous crown ether based complexes
exhibited a very high association constant K,=5.0X
10°M ™' with paraquat in acetone, 9000 times greater
than the crown ether system.®™™ We also found that the
formation of supramolecular cryptands by chelation of
difunctional macrocycles can improve the complexations
with paraquat derivatives,1421 a bis(secondary ammonium)
salt,"*” and a bisparaquat derivative.'* These cryptands and
supramolecular cryptands have proven to be much better
hosts for organic guests than corresponding simple crown
ethers.®'* Cryptands have also been used in the binding of
inorganic anions,'> anionic colorimetric dyes,15 acetic
acid,16 and ion-pairs.17

Simple monopyridinium salts have been widely studied in
chemistry not only due to their easy availability, but also
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D B

Figure 1. X-ray structures of 1a-2-1a-2H,O (a) and 1b-2-1b (b).5

because of their potential applications.'® For the most recent
examples, they have been used in the synthesis of novel
monomerlc and homodimeric cyanine dyes for nucleic acid
detectlon 8¢ preparation of cationic lipids in gene
delivery,'®" fabrication of novel stllbazohum analogues as
second-order nonlinear optical materlals 8¢ and manu-
facture of amperometric sensors.'®" However, mono-
pyridinium salts have been rarely used in preparation of
threaded structures. A few examples are the Beer systems
based on ion-pair recognition by ditopic hosts.'”

Here we report the first cryptand/monopyridinium [2]
pseudorotaxanes, which are based on a new cryptand/
monopyridinium recognition motif. The formation of these
pseudorotaxanes is mainly driven by hydrogen bonding and
face-to-face -stacking interactions.

2. Results and discussion

2.1. Design of cryptand/monopyridinium [2]
pseudorotaxanes

1
a.n=2and R = (OCH,CH,),0

b.n=1andR= (OCHQCH2)3O
c.n=2and R=CHy,— O

d.n=2and R= CH,—

e.n=2and R=0—CH,
%

f.n=2andR =CH2—O\©\

The design of these cryptand/monopyridinium [2]pseudo-
rotaxanes was inspired by the formation of two 2:1
pseudorotaxane-like cryptand/paraquat [3]complexes

O_CH2

~]T\NJ—CH2—O

(Fig. 1)." On the basis of these structures in which each
paraquat unit is shared by two cryptand moieties, we
theorized that these cryptands®®™ should be able to
complex monopyridinium derivatives. The folded
complexes of monopyridinium salts and crown ethers
reported by Limsi et al.*° also piqued our interest.
Therefore, monopyridinium derivatives 3 were prepared
and their complexation with cryptands 1 was studied.

2.2. Syntheses of cryptand hosts and monopyridinium
guests

The preparation of bis(m-phenylene)-32-crown-10- and
bis(m-phenylene)-26-crown-8-based cryptand hosts 1 fol-
lowed previously reported procedures.®® Mono-
pyridinium salts 3a and 3b were made by the reaction of
ethyl isonicotinate with an excess of the alkyl bromide or
iodide followed by ion exchange with ammonium hexa-
fluorophosphate. Monopyridinium salt 3¢ was synthesized
according to a reported method.?! All these mono-
pyridinium salts were purified by recrystallization in
deionized water and dried under vacuum at 100 °C.

2 PFG'

+

2

PFe.
+ —
Ri—N_ )—R;

3
a. R1 = C6H5CH2, R2 = COOCQH5;
b. R1 CH3 R2 = COOC2H5;
C. R1 CH3, R2 = CH3
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Figure 2. Job plot showing the 1:1 stoichiometry of the complex between
1a and 3a in acetone-de. [1a]y+ [3a]y=2.00 mM. [1a], and [3a], are initial
concentrations of 1a and 3a. Delta=chemical shift change for H; of 1a.
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2.3. Complexation of cryptand hosts 1 with mono-
pyridinium salts 3

The yellow color of solutions of these cryptands with
monopyridinium derivatives is not as intense as that of
solutions of these cryptands with paraquat derivatives.>*'™"
A Job plot?? (Fig. 2) based on proton NMR data
demonstrated that the complex between 1a and 3a was of
1:1 stoichiometry in acetone solution. In the same way, it
was found that other complexes between 1 and 3 also had
1:1 stoichiometry in solution (see Supplementary data).

Three solutions containing 1a, 3a, and equimolar 1a and 3a
were characterized by proton NMR in 1:1 acetone:chloro-
form (Fig. 3). These NMR spectra indicated that exchange
was fast for this complexation system. After complexation,
significant upfield shifts were observed for the pyridinium
protons (Hg and H-) of guest 3a, the aromatic protons (H;),
and a-ethyleneoxy protons (H,) of host 1a. Furthermore,
benzylic protons (Hg) of 3a and B-ethyleneoxy protons (Hy)
of 1a move upfield, while phenyl and ester methylene

Hq
O1 ‘
SO S
o o) H1o
[O 0 j«H3 © * -—H
10
SRS T S
OO e O
Oy 2Q o 0 *7$ Iflg Ho
[ 1a 3a
0)
CHCI
3 H1 H3
Hy
H10 H8 H H2
H7 H Ho 5
1 MG 9 ’ C JL
b |
M’ . J a
‘9‘.5” ‘9.‘0‘ “8.‘5‘ ‘8‘.0‘ ‘7ﬂ5‘ ‘7.‘0‘ ‘6ﬂ5‘ “6.‘0‘ ‘SﬁS‘ ‘5‘.0‘ ‘4‘.5‘ ‘4ﬁ0‘ ‘3‘.5‘
o

Figure 3. Partial proton NMR spectra (400 MHz, 1:1 CDCl;:CD;COCD3, 22 °C) of monopyridinium salt 3a (a, bottom), cryptand 1a (b, middle), and 3.00 mM

initial concentrations of both 1a and 3a (c, top).
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protons (Ho, Hyo, and Hs) of 3a and ethyleneoxy protons Hj
of 1a move downfield.

The association constants {(K,=[1-3]/[1])[3]o—[1-3]} for
these cryptand/monopyridinium complexes were deter-
mined using the chemical shifts of protons H; of the
cryptands (Tables 1 and 2). The K, values of the three
complexes of la are similar, but they are higher in 1:1
acetone:chloroform than in acetone (Table 1) because of the
decreased polarity of the former.

Table 1. Association constants (K,)* for 1a/monopyridinium complexes

Solvent la-3a 1a-3b 1la-3c
Acetone 182420 173140 193 £31
1:1 acetone: 588160 426+59 5361438
chloroform

2 K,=[1-31/[11([3]o—[1-3])) M~ ! at 22 °C. Cited values and error bars are
means and standard deviations from determinations at 4 or 5 different
concentrations.

The K, value of the complex 1a-3a of the larger 32-crown-
10-based cryptand is about four times that of the complex
1b-3a of the smaller 26-crown-8-based cryptand (Table 2).
In the ethyleneoxy bridges of the cryptands, the aliphatic
oxygen atoms are more basic than the phenolic oxygen
atoms because of p-71t conjugation in the latter; since there
are more aliphatic oxygen atoms in 1a (9) than in 1b (6) it is
understandable that K, is larger for 1a-3a than 1b-3a, as
also observed in the case of 1a-2 and 1b-2.*f

For complexation of monopyridinium salt 3a, 1c is by far
the best host (Table 2). The small increase in association
constant from 1d-3a to le-3a is the result of the
introduction of an additional binding site, the pyridyl
nitrogen atom, on the third 7-atom bridge of 1e. The notable
30-fold increase in association constant from la-3a to
1c-3a is due to the introduction of a better binding site, the

Table 2. Association constants (K,)" for cryptand/3a complexes

pyridyl nitrogen atom, and more optimal cavity size
resulting from the 9-atom third arm, just as we have seen
in complexations between these cryptands and paraquat
derivatives.’*™" These interactions were confirmed by the
X-ray analyses described below.

2.4. Electrospray ionization mass spectrometric charac-
terization of cryptand/monopyridinium [2]pseudo-
rotaxanes

Some of these cryptand/monopyridinium complexes were
characterized by electrospray ionization mass spectrometry
and their 1:1 stoichiometries were confirmed (Table 3; also
see Supplementary data). The mass spectrum for 1a-3a is
given in Figure 4 as an example. No peaks related to other
stoichiometries were found.

2.5. Solid state structures of [2]pseudorotaxanes 1a-3a
and 1c-3a

X-ray analyses were done on yellow crystals of 1a-3a and
colorless crystals of 1c-3a grown by vapor diffusion of
pentane into equimolar acetone solutions of the correspond-
ing cryptand and monopyridinium salt. These crystal
structures (Figs. 5 and 6) demonstrate that these complexes
are [2]pseudorotaxanes. For both 1a-3a and 1c¢- 3a, the main
stabilization interactions are hydrogen bonding and face-to-
face m-stacking interactions in the solid state. Two
methylene hydrogens on the ethyl ester group and an
a-pyridinium hydrogen of 3a are involved in hydrogen
bonding (D, E, F of Fig. 5; I, J, and K of Fig. 6) with oxygen
atoms on ethyleneoxy chains of the cryptand hosts with
similar lengths and angles. The B-pyridinium hydrogens
of 3a are not involved in interactions with the cryptand
hosts. The pyridinium ring of 3a nicely lies at the mid-
point between the two phenylene rings of the cryptand
hosts, presumably in order to maximize face-to-face
m-stacking. However, there are some differences. First,

la-3a 1b-3a 1c-3a 1d-3a le-3a 1f-3a
K,M™h 588 +60 141421 18.6(+2.0)X10° 332433 423+42 1.31(£0.12) X
10°
Relative K, 42+1.0 1.0 1.3(+0.4) X 10 24406 3.0+0.8 93+23
— AGsos (kcal/mol) 3.7440.05 2.9040.09 5.7640.06 3.4040.06 3.5440.06 42140.05

* K,=[1-3)/[1]([3]o—[1-3]), measured in 1:1 acetone/chloroform at 22 °C. Cited values and error bars are means and standard deviations from determinations

at 4 or 5 different concentrations.

Table 3. Observed mass/charge ratios for 1:1 cryptand/monopyridinium complexes in CH;CN:CHCI; 4:1 by electrospray ionization mass spectrometry

Complex [1-3+Na]* [1-3+Li—HOCH,CH,OH] " [1-3—PF¢]*
1a-3a® 1136.4 (10%) 1058.8 (10%) 968.6 (100%)
1a-3b° 1060.5 (6%) 982.6 (7%) 892.6 (100%)
la-3c 1002.6 (1%) 924.8 (8%) 834.6 (100%)
1c-3a° 1137.4 (5%) 969.3 (64%)
1d-3a’ 942.5 (43%)
le-3a% 913.4 (28%)

2 Also found for 1a-3a: m/z 892.7 [1a-3a—PFs—C¢Hs+H] ' (6%).
® Also found for 1a-3b: m/z 864.6 [1a-3b—PFs—C,H, " (14%).

¢ Four more peaks were found for 1c¢-3a: m/z 1123.3 [1¢-3a+Na—CHj; +H]" (4%), 955.3 [1c-3a—PF¢—CH;+H] ™ (100%), 912.3 [1c-3a—HPFs—

CeHg+Na—H] " (24%), and 898.3 [1c-3a—PFs—CsHgs+Li] " (29%).
4 The base peak was at m/z 242.2, corresponding to [3a—PF¢] ™.
¢ Also found for 1e-3a: m/z 1059.4 [1e-3a+H]" (1%).
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Figure 4. Electrospray mass spectrum of a solution of 1a and 3a in a
mixture of acetonitrile and chloroform (4:1). Assignments of main peaks:
mfz 1136.4 [1a-3a+Na]*, 1058.8 [1a-3a+Li—HOCH,CH,OH] *, 968.6
[1a-3a—PF¢] ™", 892.7 [la-3a—PFs—CeHs+H]", 749.5 [1la+Na]*
727.6 [1la-+H] ", and 242.3 [3a—PF4] .

one a-pyridinium hydrogen of 3a is connected to cryptand
1a indirectly by a water bridge (A, B, and C of Fig. 5), while
this a-pyridinium hydrogen of 3a is connected to 1c directly
by a hydrogen bond (H of Fig. 6) to the pyridyl nitrogen
atom on the host, whose third bridge is shorter (9 atoms)
than that of 1a (13 atoms). Second, one benzylic hydrogen
of 3a is involved in hydrogen bonding between the host and
guest in 1la-3a (G of Fig. 5), while neither of them are
involved in hydrogen bonding to the host in 1¢-3a (Fig. 6).

Figure 5. Ball-stick (a) and space-filling (b) views of one unique host—guest
complex (the other is similar) in the X-ray structure of 1a-3a. Compound
1a is red, 3a is blue, and the water molecule is green. The PF4 counterion,
other solvent molecules, and the hydrogens on 1a were omitted for clarity.
In the ball-stick view, oxygens are green, nitrogen is yellow, and hydrogens
are magenta. In the space-filling view, all hydrogens were omitted.
Hydrogen-bond parameters: C(O)---O distances (A), H---O distances (A),
C(O)-H---O angles (degrees) A, 2.89, not available, not available; B, 3.13,
2.30, 146; C, 2.87, not available, not available; D, 3.26, 2.33, 157; E, 3.33,
2.51, 140, F, 3.18, 2.60, 120; G, 3.34, 2.35, 175. Face-to-face 7-stacking
parameters: centroid—centroid distances (A) 3.83, 3.83; ring plane/ring
plane inclinations (degrees): 3.8, 1.4.
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Figure 6. Ball-stick (a) and space-filling (b) views of the X-ray structure of
1c-3a. Compound 1c is red and 3a is blue. The PFg counterion, solvent
molecules, and the hydrogens on 1¢ were omitted for clarity. Oxygens are
green, nitrogens are yellow, and hydrogens are magenta. In the ball-stick
view, oxygens are green, nitrogen is yellow, and hydrogens are magenta. In
the space-filling view, all hydrogens were omitted. Hydrogen-bond
parameters: C---O(N) distances (A) H---O(N) distances (A) C-H---O(N)
angles (degrees) H, 3.61, 2.78, 149; 1,3.41, 2.49, 157; J, 3.28,2.37, 154; K,
3.57, 2.65,o 168. Face-to-face m-stacking parameters: centroid—centroid
distances (A) 3.91, 3.91; ring plane/ring plane inclinations (degrees): 6.1,
3.5.

Third, the centroid—centroid distance between the phenyl-
ene rings of the cryptand host in 1a-3a is 6.88 A, while this
distance is 6.98 A in 1c-3a. This is presumably due in part
to the shorter (9 atoms in 1¢ versus 13 atoms in 1a) and more
rigid third arm of 1e, which pushes the phenylene rings
apart. This difference is consistent with the fact that charge
transfer interactions between the host and guest in 1a-3a are
stronger than those in 1c-3a; the crystals 1la-3a of are
yellow, while the crystals of 1c¢-3a are colorless. None-
theless, the additional pyridyl binding site in the host
confers a ~50% increase in the stability (AG) of 1c¢-3a
versus la-3a (Table 2). It is interesting to note that the
pyridyl nitrogen’s location in 1c-3a (Fig. 6) is almost the
same as the bridging water’s oxygen atom in 1a-3a (Fig. 5);
this feature was the basis of our original design of this
cryptand.®

The 'H NMR chemical shift changes of host 1a upon
complexation are consistent with an ‘averaged’ structure in
solution similar to that of 1a-3a in the solid state (Fig. 5).
Protons H;, H, and Hy are in shielding regions of the
pyridinium or terminal phenylene ring of the guest 3a, while
Hj resides in the deshielding environment of both the
pyridinium and terminal phenylene rings of the guest 3a.
The downfield shift of the ethyl ester methylene (Hs) and
phenylene protons (Hg and H ) of the guest 3a is consistent
with their positions in the deshielding region of the aromatic
moieties of the cryptand host 1a. The upfield shift of the
pyridinium (Hg and H;) and benzylic protons (Hg) of the
guest 3a is consistent with their positions in the shielding
region of the aromatic moieties of the cryptand host 1a.
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2.6. Solid state structures of cryptand 1b and
[2]pseudorotaxane 1b-3a

Colorless crystals of cryptand 1b were grown by slow
evaporation of an acetone solution of 1b, while yellow
crystals of [2]pseudorotaxane 1b-3a were grown by vapor
diffusion of pentane into an equimolar acetone solution of
cryptand 1b and monopyridinium salt 3a. The X-ray crystal
structures of 1b and 1b-3a are shown in Figure 7. The two
phenylene rings of 1b are not parallel to each other, but
exhibit a twist angle of 20° (Fig. 7a). The centroid—centroid
distance between them is 4.78 A. Comparison of the crystal
structures of 1b and 1b-3a (Fig. 7a and b) shows that the
cryptand host 1b stretches so that the twist angle and
centroid—centroid distance between two phenylene rings of
1b are changed to 6.2° and 6.37 A, respectively, due to the
threading of the monopyridinium guest 3a through its
cavity. Similar to the crystal structures of the above two
bis(m-phenylene)-32-crown-10-based cryptand/mono-
pyridnium [2]pseudorotaxanes la-3a (Fig. 5) and 1lc-3a
(Fig. 6), the bis(m-phenylene)-26-crown-8- based cryptand/
monopyridnium complex 1b-3a is also a [2]pseudo-
rotaxane, it is also stabilized by hydrogen bonding and
face-to-face m-stacking interactions in the solid state, the
two B-pyridinium hydrogens of 3a are not involved in
interactions with the cryptand host, and the pyridinium ring
of 3a nicely lies at the mid-point between the two phenylene
rings of 1b. However, at least two differences are observed.
First, both a-pyridinium hydrogen atoms of 3a are
connected to the cryptand host by single hydrogen bonds

Figure 7. Ball-stick view of the X-ray structures of cryptand 1b (a) and
[2]pseudorotaxane 1b-3a (b). Compound 1b is red and 3a is blue. The PFq
counterion, solvent molecules, and the hydrogens on 1b were omitted for
clarity. Oxygens are green, nitrogens are yellow, and hydrogens are
magenta. Hydrogen-bond parameters: C---O distances (A), H---O distances
(A), C-H:---O angles (degrees) L, 3.32, 2.48, 148; M, 3.15, 2.36, 141; N,
3.48, 2.58, 151; O, 3.26, 2.59, L28. Face-to-face 7t-stacking parameters:
centroid—centroid distances (A) 3.51, 3.51; ring plane/ring plane
inclinations (degrees): 0.8, 5.7.

in 1a-3a and 1c-3a, while one a-pyridinium hydrogen of 3a
is connected to cryptand 1b by two hydrogen bonds (L. and
M of Fig. 7) and the other a-pyridinium hydrogen atom is
connected to 1b by one hydrogen bond (O of Fig. 7).
Second, both methylene hydrogen atoms on the ethyl ester
group of 3a are connected to the cryptand host by hydrogen
bonds in la-3a and 1c-3a, while only one methylene
hydrogen atom on the ethyl ester group of 3a is connected to
cryptand 1b by a hydrogen bond (N of Fig. 7).

In total the binding of guest 3a by cryptand 1b is ~20%
weaker (AG) than by cryptand 1a (Table 2); this ultimately
is due to the shorter arms of 1b (10 atoms) versus la
(13 atoms) and the resultant changes in geometry of the
host.

2.7. Solid state structures of [2]pseudorotaxane 1d-3a

It is interesting that two different types of yellow crystals of
1d-3a were obtained by vapor diffusion of pentane into
acetone solutions of the components. Therefore, two
different X-ray structures (Fig. 8a and b), in which complex
1d-3a has different co-conformations, were obtained. This
is possibly due to the flexibility of the ethyl ester group at
4-position of the pyridinium ring of guest 3a. For both

Figure 8. Ball-stick view of the X-ray structures of dimorphic forms of
1d-3a. Compound 1d is red and 3a is blue. The PFg counterion, solvent
molecules, and the hydrogens on 1d were omitted for clarity. Oxygens are
green, nitrogens are yellow, and hydrogens are magenta. (a) Hydrogen-
bond parameters: C---O(N) distances (A), H---O(N) distances (A), C-H---
O(N) angles (degrees) P, 3.17, 2.44, 134; Q, 3.56, 2.64, 156; R, 3.38, 2.51,
153; S, 3.49, 2.66, 141; T, 3.34, 2.42, 0153. Face-to-face mt-stacking
parameters: centroid—centroid distances (A) 3.68, 4.29; ring plane/ring
plane inclinations (degrees): 5.9, 12.2; (b) hydrogen-bond parameters: C---
O(N) distances (A), H---O(N) distances (A), C-H---O(N) angles (degrees)
U, 3.49,2.63, 153; V, 3.24, 2.34, 153; W, 3.27, 2.57, 128; X, 3.22, 2.29,
172; Y, 3.40, 2.53, 1"55. Face-to-face 7t-stacking parameters: centroid—
centroid distances (A) 4.20, 3.98; ring plane/ring plane inclinations
(degrees): 5.8, 3.2. Edge-to-face 7-stacking parameters: hydrogen—centroid
distance (A) 2.51, carbon—centroid distance (A) 3.38, carbon-hydrogen—
centroid angle (degrees): 155.
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crystal structures, complex 1d-3a is a pseudorotaxane, the
main stabilization interactions are hydrogen bonding and
face-to-face m-stacking interactions in the solid state, and
there are hydrogen bonds that involve methylene hydrogens
on the ethyl ester group of 3a (S, T, V, and W of Fig. 8).
There are at least two noteworthy points in comparison with
the above three pseudorotaxane crystal structures. First, one
benzylic hydrogen of 3a is involved in hydrogen bonding
between the host and guest in 1a-3a (G of Fig. 5) and one of
the two crystal structures of 1d-3a (Q of Fig. 8a), while
neither of them are involved in hydrogen bonding to the host
in 1b-3a (Fig. 7), 1c-3a (Fig. 6), and the other crystal
structure of 1d-3a (Fig. 8b). Second, the pyridinium ring of
3a nicely lies at the mid-point between the two phenylene
rings of the cryptand host in 1a-3a (Fig. 5), 1b-3a (Fig. 7)
and 1c-3a (Fig. 6), while the distances between the
pyridinium ring of 3a and the two phenylene rings of the
cryptand host are not equal to each other in the two crystal
structures of 1d-3a (Fig. 8a and b). A possible reason for
this is that hydrogen bonding is more important than face-
to-face 7t-stacking interactions for this complex, so the three
aromatic rings are placed in this way to maximize hydrogen
bonding.

There are at least five major differences in the two crystal
structures of 1d-3a. First, the most important difference is
that the monopyridinium guest 3a is threaded through the
cavity of the 32-crown-10 part of the cryptand host in one
crystal structure (Fig. 8a), while the 32-crown-10 part forms
a taco complex conformation with the monopyridinium
guest in the other (Fig. 8b). Second, none of the hydrogens
on the terminal phenylene ring of 3a are involved in
hydrogen bonding between the cryptand host and the
monopyridinium guest in one crystal structure of 1d-3a
(Fig. 8a) [nor in the above pseudorotaxane crystal structures
(Figs. 5-7)], while there are two hydrogen bonds involving
two different hydrogens on the terminal phenylene ring of
3a in the other crystal structure of 1d-3a (U and Y of
Fig. 8b). Third, one benzylic hydrogen of 3a is involved in
hydrogen bonding with the host in one form of 1d-3a (Q of
Fig. 8a), while neither of them is involved in hydrogen
bonding in the other (Fig. 8b). Fourth, there are two
hydrogen bonds between the host and guest based on one

Figure 9. Ball-stick view of [2]pseudorotaxane 1e-3a. Compound 1e is red
and 3a is blue. The PFg counterion, solvent molecules, and the hydrogens
on 1e were omitted for clarity. Oxygens are green, nitrogens are yellow, and
hydrogens are magenta. Hydrogen-bond parameters: C---O distances (A)
H---O distances (A) C-H---O angles (degrees) Z, 3.11, 2.45, 127; A1, 3.25,
2.35, 159; B1, 3.36, 2.73, 125; C1, 3.27, 2.36, 153; Dl 2.99, 2.50, 111.
Face-to-face m-stacking parameters: centroid—centroid distances (A) 4.05,
4.18; ring plane/ring plane inclinations (degrees): 10.6, 10.3.

a-pyridinium hydrogen of 3a in one crystal structure of
1d-3a (P and R of Fig. 8a), while there is only one of this
type of hydrogen bond in the other (X of Fig. 8b). Fifth,
there is an edge-to-face 7t-stacking interaction between the
pyridinium ring of 3a and the phenylene ring of the third
bridge of 1d in one crystal structure (Fig. 8b), but not in the
other (Fig. 8a) [nor in the above pseudorotaxane crystal
structures (Figs. 5-7)]. Edge-to-face m-stacking interactions
were observed before in our studies of crown ether/
bis(secondary ammonium) complexes.’™

2.8. Solid state structure of [2]pseudorotaxane le-3a

Pale yellow crystals of [2]pseudorotaxane le-3a were
grown by vapor diffusion of pentane into an acetone
solution of monopyridinium salt 3a and excess cryptand 1le.
The X-ray crystal structure of 1e-3a is shown in Figure 9.
Similar to the crystal structures of the above four cryptand/
monopyridnium [2]pseudorotaxanes (Figs. 5-8), bis(m-
phenylene)-32-crown-10-based cryptand/monopyridnium
complex le-3a is also a [2]pseudorotaxane and it is also
stabilized by hydrogen bonding and face-to-face m-stacking
interactions in the solid state. However, there are three
points that are worth mentioning. First, what is unique here
is that one B-pyridinium hydrogen of 3a is involved in
hydrogen bonding (B1 of Fig. 9) to the pyridyl nitrogen
atom of cryptand le, while B-pyridinium hydrogens of 3a
are not involved in hydrogen bonding with the cryptand host
in the crystal structures of the above mentioned cryptand/
monopyridnium [2]pseudorotaxanes (Figs. 5-8). Second,
one methylene hydrogen atom on the ethyl ester group of 3a
is involved in two hydrogen bonds (C1 and D1 in Fig. 9) and
the other is not involved in any hydrogen bonding to the
cryptand host in le-3a, while both methylene hydrogen
atoms on the ethyl ester group of 3a are connected to the
cryptand host by one hydrogen bond in the above mentioned
bis(m-phenylene)-32-crown-10-based cryptand/mono-
pyridnium [2]pseudorotaxanes (Figs. 5, 6, and 8). Third,
both a-pyridinium hydrogens of 3a are hydrogen bonded to
the cryptand host directly or indirectly in the crystal
structures of cryptand/monopyridnium [2]pseudorotaxanes

/T
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Figure 10. Ball-stick view of [2]pseudorotaxane 1f-3a. Compound 1f is red
and 3a is blue. The PF4 counterion, solvent molecules, and the hydrogens
on 1f were omitted for clarity. Oxygens are green, nitrogens are yellow, and
hydrogens are magenta. Hydrogen-bond parameters: C---O distances (A),
H---O distances (A), C-H---O angles (degrees) E1, 3.36, 2.41, 162; F1,
3.29, 2.42, 146; G1, 3.54, 2.63, 152; H1, 3.26, 2.36, 158; I, 3.15, 2.52,
123. Face-to-face m-stacking parameters: centroid—centroid distances (A)
3.91, 4.39; ring plane/ring plane inclinations (degrees): 2.8, 2.3. Edge-to-
face m-stacking parameters: hydrogen—centroid distance (A) 2.75, carbon—
centroid distance (A) 3.53, carbon-hydrogen—centroid angle (degrees):
140.
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la-3a (A, B, C, and F in Fig. 5), 1¢-3a (H and K in Fig. 6),
and 1b-3a (L, M, and O in Fig. 7), while only one
a-pyridinium hydrogen of 3a is involved in hydrogen
bonding to the cryptand host in 1d-3a (P and R in Fig. 8a
and X in Fig. 8b) and 1e-3a (Z and Al in Fig. 9).

Cryptands 1d and 1e have the same ring sizes. The slightly
higher binding ability of 1e can be attributed to the presence
of the pyridyl nitrogen binding site. Because of its reduced
ring size, 1e is a very much poorer (by > 2 kcal/mol in AG,
Table 2) host for 3a than the larger cryptand 1c in spite of
the greater basicity of its pyridyl nitrogen atom.”

2.9. Solid state structure of [2]pseudorotaxane 1f-3a

Pale yellow crystals of [2]pseudorotaxane 1f-3a were
grown by vapor diffusion of pentane into an acetone
solution of monopyridinium salt 3a and excess cryptand 1f.
The X-ray crystal structure of 1f-3a is shown in Figure 10.
Similar to the crystal structures of the above five cryptand/
monopyridnium complexes (Figs. 5-9), complex 1f-3a is
also a [2]pseudorotaxane and it is also stabilized by
hydrogen bonding and face-to-face T-stacking interactions
in the solid state. The crystal structure (Fig. 10) of 1f-3a is
the same as one crystal structure (Fig. 8a) of 1d-3a in terms
of which hydrogen atoms are involved in hydrogen bonds to
the cryptand host. That is to say, for both of them, one
benzylic hydrogen is involved in a hydrogen bond (Q in
Fig. 8a and G1 in Fig. 10), one a-pyridinium hydrogen is
involved in two hydrogen bonds (P and R in Fig. 8a and H1
and I1 in Fig. 10), and both methylene hydrogen atoms on
the ethyl ester group are involved in hydrogen bonding (S
and T in Fig. 8a and E1 and F1 in Fig. 10) between the
cryptand host and monopyridinium guest. Similar to the
second crystal structure of 1d-3a (Fig. 8b), 1f-3a is also
stabilized by an edge-to-face r-stacking interaction
between the pyridinium ring of 3a and the phenylene ring
on the third bridge of the cryptand host (Fig. 10).

1f is a better host for 3a than meta homolog 1d (Table 2,
~20% change in AG); this can be attributed to the nicely
positioned aromatic ring of 1f, which allows more efficient
edge-to-face interactions with the guest.

3. Conclusions

In summary, we demonstrated that threaded structures
(pseudorotaxanes) can be efficiently prepared based on a
new cryptand/monopyridinium recognition motif. Though
monopyridinium salts do not complex these cryptands as
strongly as paraquat derivatives, they have better solubility
in organic solvents than paraquat derivatives. Moreover,
once interlocked structures (rotaxanes or catenanes) based
on monopyridinium salts are made, they have the potential
to be reduced in order to prepare neutral interlocked
structures.”* Also the starting materials to make mono-
pyridinium salts are much cheaper than those for preparing
paraquat derivatives. Recently we have demonstrated that
the simple crown ether bis(m-phenylene)-32-crown-10 also
complexes monopyridinium salts, yielding X-ray structures
similar to those reported here, albeit with lower association
constants (<100M ™! in 1:1 acetone/chloroform at

22°C).* Currently we are focusing on using this new
recognition motif to construct novel supramolecular
systems and have recently used closely related tris(mono-
pyridinium) guests with cryptand 1a in preparation of novel
C; symmetric [2]pseudorotaxanes.”®

4. Experimental

4.1. General procedures

All solvents were HPLC or GC grade. Low-resolution
electrospray ionization mass spectroscopy was carried out
on a TSQ Finnigan LC/MS/MS instrument. Elemental
analyses were carried out by Atlantic Microlabs, Norcross,
GA. X-ray diffraction data of cryptand 1b and pseudoro-
taxanes 1a-3a, 1b-3a, 1le-3a, and 1f-3a were collected on
an Oxford Diffraction XCalibur2™ diffractometer equipped
with the Enhance X-ray Source™ (Mo K, radiation; A=
0.71073 A) and a Sapphire 2™ CCD detector by the phi and
omega scan method. For every data collection, the chosen
crystal was mounted on a nylon CryoLoop™ (Hampton
Research) with Krytox® Oil (DuPont). X-ray diffraction
experiments of pseudorotaxanes lc-3a and 1d-3a were
carried out on a Bruker SMART CCD diffractometer
equipped with Mo K,, radiation (A=0.71073 A) and a
graphite monochromator by the phi and omega scan
method. The data collection routine, unit cell refinement,
and data Brocessing were carried out with the program
CrysAlis.?” Melting points were taken in capillary tubes and
are uncorrected.

4.1.1. 4-Carbethoxy-1-benzylpyridinium hexafluoro-
phosphate (3a). To a 50 mL three-necked round bottom
flask equipped with a magnetic stirrer and a condenser were
added 3.42 g (20.0 mmol) of benzyl bromide and 10 mL of
acetonitrile. To this solution was added a solution of ethyl
isonicotinate (1.51 g, 10.0 mmol) in 10 mL of acetone and
the mixture was stirred at reflux for 48 h. The reaction
mixture was cooled to room temperature and the precipitate
was filtered. The solid was boiled in CHCl; and filtered.
This solid was dissolved in a minimum volume of deionized
water. To this solution was added NH4PFg until no further
precipitation was observed. The precipitate was filtered and
recrystallized from deionized water three times to afford 3a
as white crystals, 3.21 g (83%), mp 173.9-174.6°C. 'H
NMR (400 MHz, acetone-dg, 22 °C): 6=1.45 (t, J=7.2 Hz,
3H), 4.54 (q, J=7.2 Hz, 2H), 6.23 (s, 2H), 7.52-7.56 (m,
3H), 7.66-7.70 (m, 2H), 8.73 (d, /=6.8 Hz, 2H), 9.51 (d,
J=6.8 Hz, 2H); eclemental Anal. Calcd for
C15H1602N1P1F6: C, 4650, H, 417, N, 3.62. Found: C,
46.70, 46.53; H, 4.03, 3.99; N, 3.66, 3.74.

4.1.2. 4-Carbethoxy-1-methylpyridinium hexafluoro-
phosphate (3b). Compound 3b, prepared in a similar way
as 3a, was obtained as white crystals (81%), mp 127.8—
128.5 °C. '"H NMR (400 MHz, acetone-dg, 22 °C): 6=1.46
(t, J=7.2 Hz, 3H), 4.55 (q, /=7.2 Hz, 2H), 4.78 (s, 3H),
8.70 (d, J=6.8 Hz, 2H), 9.37 (d, /J=6.8 Hz, 2H); elemental
Anal. Caled for CoH;,0,N P Fq¢: C, 34.72; H, 3.89; N, 4.50.
Found: C, 34.77, 34.75; H, 3.84, 3.73; N, 4.55, 4.47.
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4.2. Complexation studies by proton NMR

All solutions were prepared as follows. Precisely weighed
amounts of dried hosts and guests were added into separate
screw cap vials. The solvent was added with to-deliver
volumetric pipets. Then specific volumes of each fresh
solution were mixed to yield the desired concentrations. For
example, in order to make three solutions, 0.500 mM 1a/
1.00 mM 3a, 0.500 mM 1a/2.00 mM 3a, and 0.500 mM 1a/
5.00 mM 3a, a 1.00 mM solution of 1a was made first by
adding 5.00 mL of acetone-ds with a 5.00 mL to-deliver
pipette into a screw cap vial containing 3.63 mg
(0.00500 mmol) of 1a. Then 0.300 mL of this solution
was added with a 0.300 mL to-deliver pipet to each of three
vials that contained 0.300 mL of 2.00 mM, 0.300 mL of
4.00 mM, and 0.300 mL of 10.0 mM of 3a separately. 'H
NMR data were collected on a temperature controlled
Varian Unity (or an Inova) 400 MHz spectrometer.
Acetone-dg and 1:1 acetone-dg:chloroform-d were chosen
as the NMR solvents because all compounds used here have
relatively good solubilities in them.

4.3. Determination of association constants (K, ;.3) for
[2]pseudorotaxanes 1-3

"H NMR characterizations were done on solutions with
constant [1]y and varied [3]y. Based on these NMR data,
Aoy, the difference in ¢ values for H; of 1 in the
uncomplexed and fully complexed species, was determined
by the extrapolation of a plot of 4=0— ¢, versus 1/[3], in
the high initial concentration range of 3. The resultant 44
values for 1a-3a, 1a-3b, 1a-3c, 1b-3a, 1c-3a, 1d-3a,
le-3a, and 1f-3a were 0.429 (acetone) and 0.450 ppm (1:1
acetone/chloroform), 0.206 (acetone) and 0.277 ppm (1:1
acetone/chloroform), 0.185 (acetone) and 0.242 ppm (1:1
acetone/chloroform), 0.117 ppm (1:1 acetone/chloroform),
0.144 ppm (1:1 acetone/chloroform), 0.134 ppm (1:1
acetone/chloroform), 0.283 ppm (1:1 acetone/chloroform),
and 0.503 ppm (1:1 acetone/chloroform), respectively.
Then K, 1.3 values at different [1]y and [3], were calculated
from Kaq.3=(41/401)/{1—(41/401)}{[3]o— (41/
4o.1)[1]p}. The values and errors of K, 1.3 in Tables 1 and
2 are mean values and standard derivations of K, ;.3 values
at four or five points with different [1], and [3] in the range
AI/AO,I =0.2-0.8.

4.4. X-ray analysis of 1a-3a (Fig. 5)

The structure was solved by direct methods using SIR-92%
and refined using SHELXTL NT.?” The asymmetric unit of
the structural model comprises two crystallographically
independent host/guest complexes plus an additional half a
guest salt and 5.38 water molecules. After locating the main
residues and the waters within and around the periphery of
the residues, additional residual electron density that was
presumably evaporated/disordered solvent could not be
modeled successfully. Consequently, the SQUEEZE”
subroutine of the program package PLATON?! was used
to identify potential solvent/void regions and subtract any
electron density contribution in this region from the
structure factors. A total of 639.4 A void space was
identified (9.7% of total cell volume), but electron density
totaling only 3 e~ was subtracted. Presumably the strong

non-bonding interactions between the host and guest
allowed the solvent to evaporate without the sample losing
crystallinity. The final refinement model involved aniso-
tropic displacement parameters for non-hydrogen atoms,
except the disordered atoms in the host molecules. A riding
model was used for all hydrogen atoms. No hydrogen
positions were located or calculated for the water molecules.
Data were collected on an Oxford Diffraction Sapphire 2
CCD diffractometer by the omega scan method in a range
1.4°<60<19.8°. Crystal data: block, yellow, 0.34X0.22 X
0.12mm>,  Csa75H70 375F7 50N| 25020.19P1 25, FW=
1259.33, triclinic, space group P-1, a=10.8768(10), b=
23.3640(18), ¢=27.605(3) A, a=103.533(7), B=
100.307(8)°, v 97 849(7), V=6592.6(10) A3, Z=4, D.=
1269 gem™ >, T=100 K, u=1.37 cm "', 32,144 measured
reflections, 23,206 independent reﬂections [R(int) =
0.0540], 1646 parameters, 164 restraints, F(000)=2658,
R,=0.2109, wR,=0.2957 (all data), R;=0.0981, wR,=
0.2387 [I>20(I)], maximum residual density 0.696 e A~ 3,
and goodness-of-fit (F?)=0.966. Crystallographic data
(excluding structure factors) for the structures in this
paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication numbers
CCDC 274457-274464. Copies of the data can be obtained,
free of charge, on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK [fax: +44 (0)1223 336033 or
e-mail: deposit@ccdc.cam.ac.uk].

4.5. X-ray analysis of 1b (Fig. 7a)

The structure was solved by the direct methods using SIR-
9228 and refined by full-matrix least squares using
Crystals.*> Non-hydrogen atoms were treated anisotropi-
cally and hydrogen atoms were placed in calculated
positions. Crystal data: prism, colorless, 0.32X0.15X
0.10 mm>, C30H44013, FW=612.67, triclinic, space group
P-1, a=11.1123(11), b=12.0045(15), c=13.1472(18) A,
a=68.838(12), B=75.51(1), ~y=67.07(1)°, V=
1494.03) A®, Z=2, D.=1.362gcm >, T=100K, u=
1.06 cm ™', 16,286 measured reflections, 9297 independent
reflections [R(int) 0.02], 389 parameters, F(000)=656,
R;=0.0578, wR,=0.0543 (all data), R;=0.0497, wR,=
0.0533 [I>1a(D)], max1mum residual density 0.40 e A3,
and goodness-of-fit (F )=1.1248.

4.6. X-ray analysis of 1b-3a (Fig. 7b)

The structure was solved by direct methods and refined
using SHELXTL NT.? The asymmetric unit of the structure
comprises one crystallographically independent host—guest
complex. The final refinement model involved anisotropic
displacement parameters for non-hydrogen atoms and a
riding model for all hydrogen atoms. Crystal data: plate,
yellOW, 0.058X0.148X0.244 mm3 C45H58F6N014P,
FW=981.89, monoclinic, space group P2,/n, a=
10.1411(15), 5=21.048(4), c¢=21.152(3) A, B=
93.236(12)°, V=4507.7(12) A3, Z=4, D.= 1447gcm_3,

T=100K, u=1.55cm 1, 22,096 measured reflections,
7972 independent reflections [R(int)=0.0709], 605 par-
ameters, F(000)=2064, R;=0.1326, wR,=0.0966 (all
data), R;=0.0613, WRZ—O 0777 [I>20(I)], maximum
residual density 0.316 e A73, and goodness-of-fit (F?)=
0.986.
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4.7. X-ray analysis of 1c-3a (Fig. 6)

SADABS* absorption corrections were applied. The
structure was solved by direct methods and reﬁned by
full-matrix least squares procedure on F> using
SHELXTL.?* Non-hydrogen atoms were refined with
anisotropic displacement coefficients, and hydrogen atoms
were treated as idealized contributions. Crystal data: blade,
colorless, 0.10<0.10X0.03 mm?>, Cs,Hg;FgN>O;oP, FW =
1163.00, monoclinic, space group P2,/n, a=14.742(3), b=
20.650(3), ¢=19.244(3) A, B=104.346(3)°, V=
5675.5(17) A®>, Z=4, D.=1.361 gcm >, T=208(2)K,

u=1.42cm™"', 29,441 measured reflections, 7401 indepen-
dent reﬂections [R(int)=0.0685], 721 parameters, 0
restraints, F(000)=2432, R;=0.1534, wR,=0.3107 (all
data), R;=0.1076, wR,=0. 2779 [I>2a0(1)], rnaxnnurn
residual density 1.531 e A73, and goodness-of-fit (FH)=
1.068.

4.8. X-ray analysis of 1d-3a (Fig. 8a)

The structure was solved by direct methods and refined by
full-matrix least squares procedure on F> using the
SHELXTL.?” Non-hydrogen atoms were refined with
anisotropic displacement coefficients, and hydrogen atoms
were treated as idealized contributions. Crystal data: plate,
pale yellow 0.300.30X0.20 mm3 C57 50H76F6N016P

FW=1182.16, triclinic, space group P-1, a=11.0155(9),
b=13.3102(11), ¢=21.2726(18) A, a=89. 0340(10), 8=
81.7310(10), y=68.0420(10)°, V=2860.3(4) A®>, Z=2,
D.=1373gcm >, T=100K, u=1.38cm ', 22,605
measured reflections, 11,128 independent reflections
[R(int)=0.0223], 712 parameters, F(000)=1250, R,=
0.0674, wR,=0.1520 (all data), R;=0.0533, wR,=0.1436
[/>20(])], maximum residual density 1.592 e A73, and
goodness-of-fit (F*)=1.090.

4.9. X-ray analysis of 1d-3a (Fig. 8b)

SADABS* absorption corrections were applied. The
structure was solved by direct methods and refined by
full-matrix least squares procedure on F* using
SHELXTL.? Non-hydrogen atoms were refined with
anisotropic displacement coefficients, and hydrogen atoms
were treated as idealized contrrbutlons Crystal data: plate,
pale yeHOW 0.30X0.25X0.20 mm C§5H70F6NO]6P
FW=1146.09, monoclinic, space group P2y/c, a=
10.661(4), b=29.733(10), c=17.235(6) A, 6=97.731(6)°,
V=5413(3) A>, Z=4, D.=1.406 gcm >, T=100K, u=
1.43 cm ™', 11,150 measured reflections, 7411 independent
reflections [R(int)=0.0370], 716 parameters, F(000)=
2416, R;=0.0715, wR,=0.1025 (all data), R;=0.0438,
wR2—0 0919 [I>20(])], maximum residual density 0.353
e A3 and goodness-of-fit (F*)=0.983.

4.10. X-ray analysis of le-3a (Fig. 9)

The structure was solved by direct methods and refined
using SHELXTL NT.* The asymmetric unit of the structure
comprises one crystallographically independent host—guest
complex. The final refinement model involved anisotropic
displacement parameters for non-hydrogen atoms and a
riding model for all hydrogen atoms. Crystal data: block,

pale yellow, 0.2750.327 X 0.356 mm’, Cs5oHg1FN2O14P,
FW=1058.98, monoclinic, space group P2,/c, a=
23.9952(17), b=13.4583(10), c=16. 0394(12) A, 8=
105.273(6)°, V=4996.7(6) A>, Z=4, D,=1.408 gcm >,
T=100K, u=1.46cm 1, 54,370 measured reflections,
14,618 independent reflections [R(int)=0.0288], 659
parameters, F(000)=2224, R;=0.0647, wR,=0.1196 (all
data), R;=0.0549, sz—O 1146 [I>20(I)], maximum
residual density 0.307 e A3, and goodness-of-fit (FH)=
1.195.

4.11. X-ray analysis of 1f-3a (Fig. 10)

The structure was solved by direct methods and refined
using SHELXTL NT.?° The asymmetric unit of the structure
comprises one crystallographically independent host—guest
complex. The final refinement model involved anisotropic
displacement parameters for non-hydrogen atoms and a
riding model for all hydrogen atoms. Crystal data: needle,
pale yellow, 0.14X0.17X0.56 mm? , Cs4HggFsNO 5P,
FW=1116.06, monoclinic, space group P2,/c, a=
11.377(2), b=18.145(3), ¢=27.106(5) A, $=99.856(17)°,
V=5513.2(18) A3, Z=4, D.=1345gcm >, T=100K,

u=1.37 cm™ !, 30,997 measured reflections, 12,702 inde-
pendent reflections [R(int)=0.0330], 697 parameters,
F(000)=2352, R;=0.1069, wR,=0.1907 (all data), R;=
0.0647, sz =0.1647 [I>20(])], maximum residual density
0.583 ¢ A~3, and goodness-of-fit (FH=1.112.
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Abstract—In the Aspergillus oryzae protease-catalyzed ester hydrolysis, substitution of N-unprotected amino acid esters for the
corresponding N-protected amino acid esters resulted in a large enhancement of the hydrolysis rate, while the enantioselectivity was
deteriorated strikingly when the substrates employed were the conventional methyl esters. This difficulty was overcome by employing esters
bearing a longer alkyl chain such as the isobutyl ester. Utilizing this ester, amino acids carrying an aromatic side chain were resolved with
excellent enantioselectivities (£=50 to >200). With amino acids bearing an aliphatic side chain also, good results in terms of the hydrolysis
rate and enantioselectivity were obtained by employing such an ester as the isobutyl ester. Moreover, the enantioselectivity proved to be
enhanced further by conducting the reaction at low temperature. This procedure was applicable to the case where the enantioselectivity was

not high enough even by the use of the isobutyl ester.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Microbial proteases from a variety of sources are
commercially available. They have been employed mainly
for food processing and as detergent ingredients. Although
they possess some properties favorable as synthetic
catalysts—they are inexpensive, stable and easy to handle,
and they require no added cofactors, they have rarely been
exploited for organic syntheses, except subtilisins, the most
important members of which are subtilisin Carlsberg (from
Bacillus licheniformis) and subtilisin BPN' (from Bacillus
amyloliquefaciens). Not only racemic amino acid esters but
also other racemic carboxylic acid esters have been resolved
with subtilisins.! Furthermore, the former subtilisin has
been utilized for the transesterification between N-protected
amino acid esters and alcohols” and for the regioselective
acylation of polyhydroxy compounds such as carbo-
hydrates,” because of its unique robustness in organic
solvents. The latter subtilisin, including its variants, has
frequently been applied to peptide synthesis.* We also have
been making a search for the effective use of microbial
proteases in organic syntheses. We exploited previously

Keywords: Resolution; Non-protein amino acids; Aspergillus oryzae

protease; Enantioselective hydrolysis; Isobutyl ester; Low temperature.

* Corresponding author. Tel.: +81 784314341; fax: +81 784352539;
e-mail: miyazawa@base2.ipc.konan-u.ac.jp
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Aspergillus oryzae protease (Amano protease A) and
Bacillus subtilis protease (Amano protease N) for the
resolution of non-protein amino acids via the enantio-
selective hydrolysis of their N-protected esters.” Recently,
we have also reported the utilization of Aspergillus melleus
protease (Amano protease P) and A. oryzae protease as
catalysts for peptide bond formation via the kinetically
controlled approach® and of B. subtilis protease via the
thermodynamically controlled approach.” On these lines,
we have preliminarily reported on the resolution of non-
protein amino acids via the enantioselective hydrolysis of
their N-unprotected esters employing A. oryzae protease.®’
During the course of the investigation, we have found that
the enantioselectivity of the hydrolysis can be significantly
improved by choosing an appropriate ester grouping and by
lowering the reaction temperature. In this paper, we describe
further relevant details.

Besides some 20 amino acids universally distributed as
protein constituents in living organisms, there are hundreds
of other amino acids of non-protein origin.'® Homochiral
non-protein amino acids, including those synthetic com-
pounds which have not been found in nature, are useful
building blocks for the synthesis of analogs of biologically
active peptides such as toxins, antibiotics, hormones, and
enzyme inhibitors'" and versatile chiral starting materials or
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chiral auxiliaries for other synthetic purposes.'®> For the
supply of non-protein amino acids in quantity, the chemical
synthesis of racemic forms followed by their optical
resolution is still the preferable way, though a number of
methods have been developed for the asymmetric syntheses
of amino acids."? For the resolution of racemic amino acids,
enzymatic methods have often been employed besides
chemical methods based on the formation of diastereomeric
salts or derivatives.'*'> Hydrolytic enzymes have often
been used for the purpose. Acylase I (aminoacylase;
N-acylamino acid amidohydrolase) is the most frequently
used enzyme in the chemoenzymatic preparation of the
L (=) forms of amino acids from the racemic N-acyl
derivatives. An extensive study has been conducted of the
substrate specificity of porcine kidney acylase and the mold
enzyme from A. oryzae, especially for the resolution of
unnatural and rarely occurring amino acids.'® However, the
most commonly used enzymes such as porcine renal acylase
I are not always applicable to the resolution of non-protein
amino acids. Accordingly, it is worthwhile to develop novel
enzymatic resolution methods for them. Ester hydrolysis has
been utilized for the enzyme-based resolution procedures
for amino acids.'"” The mammalian protease o-chymo-
trypsin is one of the most popular enzymes which have been
employed for such a purpose. We also have exploited some
microbial lipases and porcine pancreatic lipase for the
resolution of non-protein amino acids through the enantio-
selective hydrolysis of their N-protected esters.'® The
success of the lipase-mediated methods prompted us to
examine microbial proteases for the same purpose.

2. Results and discussion

As stated above, we investigated previously the resolution
of non-protein amino acids via the enantioselective
hydrolysis of the methyl esters of their N-benzyloxycar-
bonyl (Z) derivatives using two microbial proteases from
B. subtilis (Amano protease N) and A. oryzae (Amano
protease A), the former protease generally yielding better
results than the latter one.>® When B. subtilis protease was
employed, amino acids bearing an aliphatic side chain as
well as those with an aromatic side chain were resolved with
good to excellent enantioselectivities in phosphate buffer
containing 20% (v/v) DMF. In some cases, however, the
hydrolysis rates were rather slow, which makes the method
less practical. Since the N-Z-amino acid methyl esters used
as substrates generally had low solubilities in water, the
addition of such a polar solvent as DMF was inevitable,
which should be responsible for the often observed slow
hydrolysis. Consequently, we intended to examine amino
acid esters bearing a free o.-amino group as substrates for the
microbial protease-catalyzed hydrolysis which have better
solubilities than the corresponding N-protected derivatives
in the expectation of an enhancement of the hydrolysis rate.

R R
| H.O |
H,NCHCO,R' H,NCHCO,H
A. oryzae protease
1 2

Scheme 1. A. oryzae protease-catalyzed hydrolysis of amino acid esters (1).
See Tables 1 and 2 for R and R’.

Initially, the methyl esters of several phenylalanines bearing
a halogen atom on the benzene ring (1, R=X-PhCH,) were
subjected to hydrolysis with A. oryzae protease'® at the
initial pH of 7 and at 30 °C (Scheme 1). After the desired
degree of conversion (ca. 40%), the liberated amino acid (2)
was isolated and its enantiomeric excess (ee) was
determined by HPLC analysis on a chiral ligand-exchange
column.?® The results are compiled in Table 1. As
anticipated, the hydrolysis of the methyl esters of these
N-unprotected, halogenated phenylalanines proceeded
much more smoothly than that of the corresponding
N-protected methyl esters. Thus, ca. 40% conversion was
reached after dozens of minutes instead of dozens of hours
for the N-protected derivatives. However, the enantio-
selectivities deteriorated strikingly compared with those
observed with the corresponding N-protected derivatives,*!
as judged from the values of enantiomeric ratio (E).**

Accordingly, the influence of ester groupings was examined
next using 4-fluorophenylalanine (1, R=4-F-PhCH,) as a
model amino acid in the expectation of a possible
enhancement of enantioselectivity even at the cost of
some reduction in the hydrolysis rate (entries 1-5, Table 1).
In the resolution of carboxylic acids via the enzyme-
catalyzed ester hydrolysis, the methyl or ethyl ester is
ordinarily a preferable one, because esters carrying a longer
alkyl chain are usually hydrolyzed at reduced rates.
Activated esters such as the 2-chloroethyl or 2,2,2-
trifluoroethyl ester are sometimes employed in order to
enhance the rate of ester hydrolysis. On the other hand, the
influence of the alcohol moiety of esters on the enantio-
selectivity of hydrolysis is not fully understood: relevant
data have scarcely been accumulated in the literature. As
can be seen from the table, the use of the isopropyl ester
resulted in a large retardation of hydrolysis with a slight
improvement of enantioselectivity (entry 2). In the case of
the benzyl ester, the hydrolysis proceeded very smoothly
with a distinct enlargement in the E value (entry 5). It was
gratifying to find that the use of the n-butyl (entry 3) or the
isobutyl ester (entry 4) resulted in no retardation of the
hydrolysis and yet a marked enhancement of enantio-
selectivity. Especially with the n-butyl ester, the hydrolysis
proceeded in an almost enantiospecific manner, the E value
being evaluated to be >200.2* Of these two esters, the
isobutyl ester was chosen in order to avoid the handling of
the stinking n-butyl alcohol in the preparation of n-butyl
esters and after their hydrolysis. Thus, the resolution of
other halogenated phenylalanines was examined by employ-
ing their isobutyl esters as substrates. A marked enhance-
ment of enantioselectivity was achieved by replacing the
methyl ester with the isobutyl ester (entries 7, 9, and 11).
The reaction was changed from almost non-enantiospecific
to specific with 4-chlorophenylalanine. Excellent enantio-
selectivities were attained also in all the other cases
employing the isobutyl esters as substrates (entries 12-14).
The marked enhancement of enantioselectivity by switching
the methyl ester to the isobutyl ester observed here imply
that the role of the ester moiety becomes relatively
important in the substrate recognition by the protease
when an acylamino group is replaced by a free amino group.

Furthermore, the influence of ester groupings was also
explored with N-unprotected amino acids bearing an
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Table 1. A. oryzae protease-catalyzed hydrolysis of aromatic amino acid esters (1)

Entry R R’ Conversion (%) Time (min) eep (%)° E

1 4-F-PhCH, Me 48 79 47 4.2

2 4-F-PhCH, i-Pr° 35 230 67 7.1

3 4-F-PhCH, n-Bu® 34 24 99 >200
4 4-F-PhCH, i-Bu® 47 25 97 170

5 4-F-PhCH, Bzl® 39 5 91 37

6 3-F-PhCH, Me 23 30 84 15

7 3-F-PhCH, i-Bu 33 30 98 150

8 2-F-PhCH, Me 24 45 7.5 1.2

9 2-F-PhCH, i-Bu 44 55 92 50

10 4-CI-PhCH, Me 43 59 46 3.7

11 4-CI-PhCH, i-Bu 46 30 98 >200
12 2-Cl-PhCH, i-Bu 38 20 99 >200
13 4-Br-PhCH, i-Bu 52 25 91 120
14 PhCH, i-Bu 31 24 >99 >200

# Reactions were conducted as described in the Section 4 using 0.2 mmol of pL-1 in the form of the hydrochloride (or hydrobromide).

® Enantiomeric excess of the liberated amino acid.
¢ Hydrobromide.

aliphatic side chain. The results obtained when a series of
esters of norvaline (2-aminopentanoic acid; 1, R=n-Pr)
were subjected to hydrolysis with A. oryzae protease
(Table 2). The pH of the reaction mixture was maintained
at 7 by automatic titration with 0.1 M NaOH during the
hydrolysis. DMSO (20%, v/v) was added to the phosphate
buffer to increase the solubility of the alkyl esters larger than
the n-butyl ester (entries 9—12). In the case of the n-pentyl
ester, it was ascertained that the addition of DMSO had no
harmful effects on the enzymatic hydrolysis: the reaction
was little retarded and the enantioselectivity was not
affected at all (entries 8 and 9). When normal alkyl esters
are compared, the enantioselectivity was increased almost
progressively with the length of the ester alkyl chain from
methyl to n-heptyl (entries 1-6, and 8-11). The longer
n-octyl ester (entry 12) yielded an E value as low as that

obtained with the methyl ester, and in addition, the reaction
was extremely slow. Of all the esters examined, the isobutyl
ester gave an enantioselectivity of the highest rank even in
the shortest reaction time. Therefore, this ester was chosen
for further studies, making it easier to compare the results
with those with the aromatic amino acids mentioned above.
Thus, rather high enantioselectivities were attained in the
hydrolysis of the isobutyl esters of other aliphatic amino
acids (entries 16, 19, 21, and 22). However, they were lower
than those observed with the aromatic amino acid
derivatives. As stated below, we found that conducting the
hydrolysis at low temperature was quite effective in
improving further the enantioselectivity.

In all the cases mentioned above, the preferential hydrolysis
of the L-enantiomers was confirmed by comparison with

Table 2. A. oryzae protease-catalyzed hydrolysis of aliphatic amino acid esters (1)*

Entry R R’ Conversion (%) Time (min) eep (%)b E
1 n-Pr Me 40 170 58 5.5
2 n-Pr Et 40 280 72 10
3 n-Pr n-Pr 40 250 75 12
4 n-Pr i-Pr 40 510 82 18
5 n-Pr n-Bu 40 150 88 30
6 n-Pr i-Bu 40 77 92 45
7° n-Pr i-Bu 40 400 97 130
8 n-Pr n-Pentyl 40 180 91 40
94 n-Pr n-Pentyl 40 190 91 40
104 n-Pr n-Hexyl 42 120 92 50
114 n-Pr n-Heptyl 40 96 94 63
12¢ n-Pr n-Octyl 14 23h 70 5.9
13 n-Bu Me 40 160 53 4.6
14 n-Bu Et 39 200 67 7.8
15 n-Bu n-Pr 39 170 86 24
16 n-Bu i-Bu 40 140 95 76
17¢ n-Bu i-Bu 41 19.7h 98 >200
18 Et Me 40 390 38 5.5
19 Et i-Bu 40 190 78 14
20° Et i-Bu 40 223h 95 78
21 i-Bu i-Bu 40 320 94 66
22 n-Pentyl i-Bu® 33 280 89 27
23 i-Pentyl i-Bu® 33 145h 77 11

# Reactions were conducted as described in the Section 4 using 0.4 mmol of pL-1 in the form of the hydrochloride (or tosylate) in 0.1 M phosphate buffer

(pH 7.0) without DMSO at 30 °C, unless otherwise noted.
® Enantiomeric excess of the liberated amino acid.
¢ Reactions were conducted at 5 °C.

4 Reactions were conducted in 0.1 M phosphate buffer (pH 7.0) containing 20% (v/v) DMSO.

¢ Tosylate.
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authentic samples prepared form the optically active amino
acids, if available, on HPLC or suggested from the
regularity of elution order of the enantiomers on HPLC.?"
This stereochemical preference is the same as that observed
in the hydrolysis of racemic N-Z-amino acid 2-chloroethyl
or 2,22-trifluoroethyl esters mediated by lipases'® or
proteases.’

We examined next the possibility of improving the
enantioselectivity by lowering temperature in the A. oryzae
protease-catalyzed hydrolysis of the isobutyl esters of
2-aminobutanoic acid (1, R=Et) and norvaline.”® It is
widely believed that in enzymatic reactions, as in the
conventional chemical reactions, lower temperatures lead to
higher enantioselectivity; this has been supported by a
number of experimental results.’’*® A rational under-
standing of such a temperature effect on enantioselectivity
has been proposed.”’ When —RTIn E is plotted against
absolute temperature (7), a straight line should be obtained
(—RT In E=AAH*— TAAS").* If the racemic temperature
(T), at which no enantiomeric discrimination occurs, is high
above the ordinary temperature, the enantioselectivity will
increase with decreasing temperature. As shown in Figure 1,
when —RTIn E obtained from the E value at each
temperature was plotted against 7, straight lines were
obtained for the hydrolysis of the isobutyl esters of both the
amino acids. The temperature range examined here was
5-45 °C. The existence of a linear relationship between
—RT In E and T indicates that the temperature effect on the
enantioselectivity of the enzymatic hydrolyses is governed
by the above-mentioned equation and the enzyme retains its
active conformation within the temperature range
examined. In both the cases, T,’s were high (80 °C for
2-aminobutatnoic acid; 93 °C for norvaline); thus, when the
reaction temperature was lowered from 30 to 5°C, the
hydrolysis time became much longer, but a largely
enhanced enantioselectivity was obtained in each case
(entries 20 and 7, respectively, in Table 2). This is also the
case with the isobutyl ester of norleucine (2-aminohexanoic

-4

|
[«2)
)

-RTInE (kJ mol")
&

-10 1

-12 ‘ ‘ ‘ ‘ ‘
270 280 290 300 310 320 330

T (K)

Figure 1. Influence of temperature (7) on the difference in the activation
free energy (AAG*= —RT In E) between the enantiomers for the A. oryzae
protease-catalyzed hydrolysis of isobutyl esters of 2-aminobutanoic acid
(square) and norvaline (circle).

acid; 1, R=n-Bu): the reaction was almost enantiospecific
at 5 °C (entry 17).

3. Conclusion

In this work, we have shown that in the hydrolysis of amino
acid esters with a free a-amino group catalyzed by A. oryzae
protease, the enantioselectivity can be enhanced greatly by
employing esters with a longer alkyl chain such as the
isobutyl ester. The enhancement of enantioselectivity by
modifying the alcohol moiety of the substrate ester seems to
be rather general, and this possibility should be considered
when the enantioselectivity is inadequate with the methyl or
ethyl ester conventionally used in the ester hydrolysis
mediated by hydrolytic enzymes. Furthermore, we have
shown that the enantioselectivity of the hydrolysis reaction
catalyzed by the microbial protease can be enhanced
significantly by conducting the reaction at low temperature.
In cases in which 7, exists above the ordinary temperature
(this must be often the case), there must be such a
possibility. The relevant results accumulated recently
support this idea. In the reactions conducted in water with
organic cosolvents or in organic solvents, it is usually easy
to lower the reaction temperature even below 0 °C, which
may lead to a significant enhancement of enantioselectivity.
As the majority of enzymes used for biotransformations are
not thermally stable, reactions at higher temperatures are
largely restricted, while lowering temperature seems to have
less operational limits.

4. Experimental
4.1. General

"H NMR spectra were obtained at 300 MHz on a Varian
Unity 300 spectrometer using DMSO-d; as a solvent with
TMS as an internal standard unless otherwise noted. Mp
were determined on a Yamato MP-21 apparatus and are
uncorrected. Optical rotations were measured using a
JASCO DIP-4 digital polarimeter. All organic solvents
were distilled following standard protocols and dried over
molecular sieves prior to use. Petroleum ether refers to the
fraction with distillation range 30-70 °C. Protease from A.
oryzae (protease A) was supplied by Amano Pharmaceutical
Co. (Japan) and had a specific activity of 10 U/mg solid
(pH 7.0) (one Amano unit is defined as the enzyme quantity
which hydrolyzes casein to produce color equivalent to
400 mg of L-Tyr per 60 min at 37 °C, according to the
supplier).

4.2. Preparation of amino acid esters

The physical and 'H NMR data of the amino acid esters
prepared are compiled in Table 3. Elemental analysis data of
all the new compounds are available as Supplementary
material.

4.2.1. As hydrochlorides (or tosylates). The method for
preparing amino acid methyl esters®> was modified as
illustrated below for the preparation of pL-2-aminobutanoic
acid isobutyl ester hydrochloride. Thionyl chloride (16 ml)
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Table 3. Physical and "H NMR data of pL-amino acid esters

pL-amino acid ester (1) hydro-

chloride

R

Rl

Mp (°C)*

"H NMR 6y; (DMSO-dg)

4-F-PhCH,
4-F-PhCH,
4-F-PhCH,

4-F-PhCH,

4-F-PhCH,
3-F-PhCH,

3-F-PhCH,

2-F-PhCH,

2-F-PhCH,

4-C1-PhCH,
4-C1-PhCH,
2-C1-PhCH,

4-Br-PhCH,

PhCH,

n-Pr

n-Pr

n-Pr

n-Pr

n-Pr

n-Bu
n-Bu

n-Bu

n-Bu

Et

Me

Bzl®

i-Bu
i-Bu

i-Bu

i-Bu

Me
Et

n-Pr

i-Pr

n-Bu

i-Bu

n-Pentyl

n-Hexyl

n-Heptyl

n-Octyl

Me
Et

n-Pr

i-Bu

169-170 [C]
198-199 [C]
116-117 [C]

127-129 [C]

199-201 [C]
160-162 [C]

137-138.5 [D]

159-160 [D]

139-142 [D]

183184 [C], 1it.3" 177-178
149-151 [D]
128-131 [D]

162-164 [C]

129-131 [B]

116-117 [C], 1it.** 116-117
66-68 [D], lit.> ca. 65¢

68-71 [E]*

96-97 [F]

7677 [D]

84-86 [A]

78-79 [C]

78-19 [C]

69-72 [B]

73-74 [G]

117-119 [C], 1it.3? 122-123
81-82 [D]

82-84 [E]

56-57 [B]

146-148 [C], 1it.>* 139

3.03-3.17 (2H, m), 3.67 (3H, s), 4.26 (1H, t, J=6.6 Hz), 7.11-7.28 (4H, m), 8.47
(3H, s)

1.22 (3H, d, J=6.3 Hz), 1.23 (3H, d, J=6.3 Hz), 3.02-3.17 (2H, m), 3.87 (1H, t,
J=6.3 Hz), 4.97 (1H, septet, J=6.3 Hz), 7.13-7.30 (4H, m), 8.59 (3H, s)

0.89 (3H,t,J=7.2 Hz), 1.20-1.50 (2H, m), 1.51-1.66 (2H, m), 3.03-3.17 (2H, m),
4.08-4.20 (2H, m), 4.26 (1H, t, J=6.6 Hz), 7.10-7.30 (4H, m), 8.57 (3H, s)
0.76 (3H, d, J=6.6 Hz), 0.77 (3H, d, J=6.6 Hz), 1.60-1.81 (1H, m), 3.06-3.27
(2H, d of ABq, J=14.0, 8.0, 5.7 Hz), 3.75-3.86 (2H, m), 4.33 (1H, dd, J=8.0,
5.7 Hz), 7.09-7.31 (4H, m), 8.70 (3H, s)

3.03-3.18 (2H, m), 4.27 (1H, t, J=6.6 Hz), 5.23 (1H, 5), 7.11-7.28 (4H, m), 7.33—
7.45 (5H, m), 8.67 (3H, s)

3.09-3.21 (2H, m), 3.67 (3H, s), 4.31 (1H, t, J=6.6 Hz), 7.05-7.37 (4H, m), 8.58
(3H, s)

0.76 (3H, d, J=6.9 Hz), 0.77 (3H, d, J=6.9 Hz), 1.66-1.83 (1H, m), 3.05-3.25
(2H, d of ABq, J=14.0, 7.8, 5.7 Hz), 3.78-3.87 (2H, m), 4.33 (1H, dd, /=7.8,
5.7 Hz), 7.06-7.40 (4H, m), 8.70 (3H, s)

3.08-3.24 (2H, m), 3.62 (3H, s), 4.16 (1H, dd, J=6.0, 5.7 Hz), 7.13-7.37 (4H, m),
8.65 (3H, s)

0.71 (3H, d, J=6.6 Hz), 0.73 (3H, d, /=6.6 Hz), 1.60-1.76 (1H, m), 3.06-3.26
(2H, d of ABq, J=14.0, 8.7, 5.7 Hz), 3.70-3.86 (2H, d of ABq, J=10.5, 6.6 Hz),
4.33 (1H, dd, J=8.7, 5.7 Hz), 7.14-7.37 (4H, m), 8.74 (3H, s)

3.05-3.18 (2H, m), 3.67 (3H, s), 4.27 (1H, t, J=6.6 Hz), 7.22-7.40 (4H, m), 8.47
(3H, s)

0.76 (3H, d, J=6.6 Hz), 0.77 (3H, d, J=6.6 Hz), 1.65-1.82 (1H, m), 3.02-3.23
(2H, m), 3.77-3.87 (2H, m), 4.24-4.30 (1H, m), 7.25-7.40 (4H, m), 8.70 (3H, s)
0.76 (3H, d, J=6.6 Hz), 0.77 (3H, d, J=6.6 Hz), 1.66-1.82 (1H, m), 3.00-3.23
(2H, m), 3.76-3.87 (2H, m), 4.25-4.30 (1H, m), 7.21-7.41 (4H, m), 8.69 (3H, s)
0.78 (3H, d, J=6.6 Hz), 0.79 (3H, d, /=6.6 Hz), 1.67-1.85 (1H, m), 3.00-3.20
(2H, d of ABq, J=14.1,7.8, 6.0 Hz), 3.77-3.88 (2H, m), 4.25-4.29 (1H, m), 7.18-
7.52 (4H, m), 8.54 (3H, s)

0.74 (3H, d, J=6.6 Hz), 0.75 (3H, d, J=6.6 Hz), 1.64-1.82 (1H, m), 3.00-3.24
(2H, d of ABq, J=13.8, 8.1, 5.7 Hz), 3.75-3.86 (2H, d of ABq, J=10.1, 6.1 Hz),
4.26 (1H, dd, J=38.1, 5.7 Hz), 7.22-7.35 (5H, m), 8.63 (3H, s)

0.85 (3H, t, J=7.4 Hz), 1.21-1.45 (2H, m), 1.74 (2H, g-like, J= ca. 7.4 Hz), 3.72
(3H, s), 3.95 (1H, t, J=6.3 Hz), 8.62 (3H, s)

0.87 3H, t, J=7.2 Hz), 1.22 (3H, t, J=7.2 Hz), 1.20-1.50 (2H, m), 1.76 (2H, g-
like, J= ca. 7.5 Hz), 3.92 (1H, t, J=6.3 Hz), 4.11-4.26 (2H, m), 8.62 (3H, s)
0.87 (3H, t, J=7.2 Hz), 0.90 (3H, t, J=7.2 Hz), 1.20-1.51 (2H, m), 1.62 (2H,
sextet, J=7.0 Hz), 1.70-1.82 (2H, m), 3.96 (1H, t, J=6.3 Hz), 4.04—4.17 (2H, m),
8.58 (3H, s)

0.87 (3H, t, J=7.2 Hz), 1.22 (3H, d, J=6.3 Hz), 1.23 (3H, d, /=6.3 Hz),
1.20-1.50 (2H, m), 1.69-1.81 (2H, m), 3.87 (1H, t, J=6.3 Hz), 4.98 (1H, septet,
J=6.3 Hz), 8.60 (3H, s)

0.87 (3H, t, J=7.2 Hz), 0.89 (3H, t, J=7.2 Hz), 1.20-1.50 (4H, m), 1.51-1.65
(2H, m), 1.70-1.81 (2H, m), 3.96 (1H, t, J=6.3 Hz), 4.08—4.21 (2H, m), 8.55 (3H,
s)

0.86 (3H, t, J=7.2 Hz), 0.89 (6H, d, J=6.6 Hz), 1.22-1.48 (2H, m), 1.76 (2H, g-
like, J= ca. 7.5 Hz), 1.83-1.96 (1H, m), 3.87-3.98 (3H, m), 8.60 (3H, s)

0.86 (3H, t, J=7.2 Hz), 0.87 (3H, t, J=7.2 Hz), 1.19-1.50 (6H, m), 1.55-1.64
(2H, m), 1.69-1.81 (2H, m), 3.96 (1H, t, J=6.3 Hz), 4.07—4.21 (2H, m), 8.54 (3H,
s)

0.86 (3H, t, J=7.2 Hz), 0.87 (3H, t, J=7.2 Hz), 1.19-1.50 (8H, m), 1.55-1.64
(2H, m), 1.70-1.81 (2H, m), 3.96 (1H, t, J=6.3 Hz), 4.07—4.21 (2H, m), 8.55 (3H,
s)

0.84 (3H, t, J=7.2 Hz), 0.86 (3H, t, J=7.2 Hz), 1.18-1.48 (10H, m), 1.53-1.63
(2H, m), 1.68-1.79 (2H, m), 3.96 (1H, t, J=6.3 Hz), 4.06—4.20 (2H, m), 8.51 (3H,
s)

0.85 (3H, t, J=7.2 Hz), 0.87 (6H, d, J=6.6 Hz), 1.19-1.50 (12H, m), 1.55-1.64
(2H, m), 1.70-1.81 (2H, m), 3.96 (1H, t, J=6.3 Hz), 4.06-4.21 (2H, m), 8.54 (3H,
s)

0.85 (3H, t, J=6.9 Hz), 1.17-1.42 (4H, m), 1.71-1.83 (2H, m), 3.73 (3H, s), 3.96
(1H, t, J=6.3 Hz), 8.54 (3H, s)

0.86 (3H, t, J=6.9 Hz), 1.22 (3H, t, J=7.2 Hz), 1.17-1.43 (4H, m), 1.72-1.84
(2H, m), 3.93 (1H, t, J=6.3 Hz), 4.11-4.27 (2H, m), 8.55 (3H, s)

0.86 (3H, t, J=6.9 Hz), 0.90 (3H, t, J=7.2 Hz), 1.17-1.42 (4H, m), 1.63 (2H,
sextet, J=7.0 Hz), 1.72-1.83 (2H, m), 3.93 (1H, t, J=6.3 Hz), 4.04—4.18 (2H, m),
8.54 (3H, s)

0.84 (3H, t, J=7.2 Hz), 0.89 (6H, d, J=6.6 Hz), 1.17-1.43 (4H, m), 1.78 (2H, q-
like, J= ca. 7.3 Hz), 1.82-1.96 (1H, m), 3.87-3.99 (3H, m), 8.55 (3H, s)

0.89 (3H,t,J=7.5Hz), 1.82 (2H, d of q, J=7.5, 6.0 Hz), 3.72 (3H, s), 3.94 (1H, t,
J=6.0 Hz), 8.65 (3H, s)
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Table 3 (continued)

pL-amino acid ester (1) hydro-

chloride

R R’ Mp (°C)* '"H NMR 6y (DMSO-dg)

Et i-Bu 72-73 [A] 0.90 (6H, d, J=6.3 Hz), 0.92 (3H, t, J=7.5 Hz), 1.80-1.97 (3H, m), 3.88-4.00
(3H, m), 8.60 (3H, s)

i-Bu i-Bu 106-108 [B] 0.87-0.90 (12H, m), 1.63 (2H, t, J=7.0 Hz),1.67-1.79 (1H, m), 1.81-1.97 (1H,
m), 3.88-3.971 (3H, m), 8.55 (3H, s)

n-Pentyl i-Bu 0il® 0.85 (3H, t, J=6.9 Hz), 0.90 (6H, d, /J=6.9 Hz), 1.18-1.46 (6H, m), 1.73-1.83
(2H, m), 1.83-1.97 (1H, m), 3.87-3.99 (3H, m), 8.63 (3H, s)

i-Pentyl i-Bu 116-118 [B]" 0.84 (3H, d, J=6.6 Hz), 0.85 (3H, d, /=6.6 Hz), 0.91 (6H, d, J=6.6 Hz),

1.06-1.37 (2H, m), 1.44-1.58 (1H, m), 1.72-1.99 (3H, m), 3.88-4.01 (3H, m),
8.54 (3H, s)

# Recrystallization solvent: A, EtOAc—ether; B, ether—petroleum ether; C, MeOH-ether; D, EtOH-ether; E, 1-propanol—ether; F, 2-propanol—ether; G,

1-octanol.
® Hydrobromide.
¢ Tosylate, mp 123-124 °C (D).
4 Tosylate, mp 85-86 °C (C).
¢ Tosylate, mp 103-104 °C (D).
T Tosylate, mp 132134 °C (D).

was added dropwise below 0 °C under stirring to isobutyl
alcohol (2-methyl-1-propanol; 98 ml) which had been pre-
cooled to —10 °C. After 15 min the pL-amino acid (4.46 g)
was added and the reaction mixture was stirred at 50 °C for
60 h. The mixture was evaporated under reduced pressure,
and the residue was recrystallized from ethyl acetate—
petroleum ether to yield white needles; 7.25 g (86%); mp
6668 °C. Other pL-amino acid ester hydrochlorides were
prepared in essentially the same manner and purified by
recrystallization from an appropriate solvent (shown in the
table). In some cases, the hydrochlorides obtained were
converted to the tosylates which became crystalline more
easily.

4.2.2. As hydrobromides. The preparation of DL-4-
fluorophenylalanine isobutyl ester hydrobromide is
described as a typical example. N-Z-pL-4-fluorophenyl-
alanine>® (252 mg) was reacted with isobutyl alcohol (70 pl)
in the presence of 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (170 mg) and 4-dimethyl-
aminopyridine (50 mg) in anhydrous dichloromethane
(3 ml) according to Dhaon et al.’” The crude isobutyl
ester (218 mg) thus obtained was treated with 25% HBr in
acetic acid (3 ml) to yield the debenzyloxycarbonylated
product, which was recrystallized from MeOH-ether; yield,
224 mg (96% from the N-Z-amino acid); mp 127-129 °C.
Other pL-amino acid ester hydrobromides were prepared in
essentially the same manner and purified by recrystalliza-
tion from MeOH-ether.

4.3. A. oryzae protease-catalyzed hydrolysis of aromatic
amino acid esters

An amino acid ester hydrochloride (or hydrobromide)
(0.2 mmol) was dissolved in 2.5 ml of 0.1 M phosphate
buffer (pH 7.0). The pH was adjusted to 7.0 with 0.5 M
NaOH. On the other hand, a protease preparation (20 mg)
was added to 1 ml of the same buffer, mixed up and
centrifuged (12,000 rpm, 20 min), and 0.5 ml of the
supernatant was added to the above substrate solution.

The resulting mixture was shaken (180 strokes per minute)
at 30°C. The reaction was monitored by HPLC on a
Nucleosil 5Cg column (4.6 mm I.D.X 150 mm; Chemco
Scientific Co., Japan). The liquid chromatograph employed
was a Shimadzu LC-10AS instrument equipped with a
Rheodyne 7725i sample injector, an SPD-10A variable
wavelength UV monitor and a Chromatopac C-R6A data
processor under the following conditions: mobile phase, 10—
30% (v/v) solution of CH3;CN in water containing
trifluoroacetic acid (0.1%); flow rate, 1.0 ml min— I column
temperature, 30 °C; detection, UV at 254 nm. After the
desired degree of conversion (ca. 40%), the reaction mixture
was adjusted to pH 9 with 0.5M NaOH and extracted
several times with ethyl acetate to remove the unreacted
ester. The aqueous layer was adjusted to pH 7 with 1 M HCl
and evaporated to dryness under reduced pressure. The
residue was dissolved in a small amount of distilled water
and analyzed by chiral HPLC (vide infra) to obtain the ee
value of the liberated amino acid. The results are shown in
Table 1.

4.4. A. oryzae protease-catalyzed hydrolysis of aliphatic
amino acid esters

An amino acid ester hydrochloride (or tosylate) (0.4 mmol)
was dissolved in 2.5 ml of 0.1 M phosphate buffer (pH 7.0)
with/without DMSO (0.6 ml). The pH was adjusted to 7.0
with 0.5 M NaOH. The protease solution (0.5 ml) prepared
as above from a protease preparation (20 mg) was added to
the above substrate solution. The resulting mixture was
stirred at a constant temperature in the range of 5-45 °C.
The pH was maintained at 7.0 by automatic titration with
0.1M NaOH using an AUT-1 automatic pH titrator
equipped with an ABT-1 automatic burette (TOA
Electronics, Japan). The progress of the reaction was
followed by the consumption of the alkali. After the desired
degree of conversion (ca. 40%), the reaction mixture was
treated as above to separate the liberated amino acid, which
was analyzed by chiral HPLC to obtain its ee value. The
results are shown in Table 2.
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4.5. Chiral HPLC analysis

The optical purities of the resulting amino acids were
determined by chiral HPLC on a Sumichiral OA-5000
column (4.6 mm I.D.X150 mm; Sumika Chemical
Analysis Service, Japan).”” HPLC analysis was performed
on the same liquid chromatograph as stated above under the
following conditions: mobile phase, 0.5-5 mM copper(II)
sulfate in water—2-propanol (85/15-99/1, v/v); flow rate,
1 ml min— l; column temperature, 30 °C; detection, UV at
254 nm.
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Abstract—1-Chlorovinyl p-tolyl sulfoxides were synthesized from ketones and chloromethyl p-tolyl sulfoxide in high yields. Treatment of
the sulfoxides with isopropylmagnesium chloride at —78 °C in toluene gave magnesium alkylidene carbenoids (a-chloro alkenylmagnesium
chlorides), which were treated with N-lithio arylamines to afford ortho-alkenylated arylamines in moderate yields. The reaction, in some
cases, proceeded in a highly stereospecific manner at the carbon bearing the chlorine and the sulfinyl group. The structures of the a-chloro
alkenylmagnesium chlorides and the reactivity of the N-lithio meta-substituted anilines were studied at the B3LYP and MP2 levels of theory
with the 6-31(+)G* basis set. This reaction offers a quite novel and direct alkenylation of arylamines at the ortho-position of the aromatic

ring.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Arylamines, including anilines, are undoubtedly one of the
most important and fundamental compounds in organic
chemistry. Arylamines have been widely used as the
material for medicine, dyes, and other chemical products.
In view of this importance of arylamines, innumerable
studies are still being actively carried out concerning their
chemistry and synthesis."

The alkylation of the aromatic ring of arylamines is quite
important chemistry for the synthesis of derivatives of
arylamines. However, direct alkylation of arylamines
having a free amino group is not a so easily accessible
process. For example, under normal Friedel-Crafts alkyl-
ation conditions, the reaction is inhibited by complex
formation of the amino group with the acid catalyst. An
even more difficult process is the direct alkenylation of the
arylamines. To the best of our knowledge, only two reports
concerning the direct alkenylation of arylamines on the
aromatic ring have been published so far by Sartori et al.?

Keywords: Sulfoxide—magnesium exchange reaction; Magnesium alkyli-

dene carbenoid; Alkenylation; ortho-Alkenylated arylamine; Theoretical

study.
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and Yamaguchi et al.® Sartori’s group synthesized 1,1-di-
arylethylenes directly from substituted anilines and phenyl-
acetylene in the presence of montmorillonite KSF.?
Yamaguchi’s group synthesized ortho-vinylated anilines
directly from anilines with ethyne in the presence of
SnCl,~Bu;N.?

We recently reported a new method for the generation of
magnesium alkylidene carbenoids 3 from 1-chlorovinyl
p-tolyl sulfoxides 2, which were synthesized from ketones 1
and chloromethyl p-tolyl sulfoxide in three steps in high
yields,* with a Grignard reagent’ via a sulfoxide—mag-
nesium exchange reaction.® From the generated magnesium
alkylidene carbenoids 3, a new method for the synthesis of
tetra-substituted olefins’ and allenes® was realized.

In continuation of our interest in the development of
new synthetic methods by utilizing the generated
magnesium alkylidene carbenoids 3 in organic synthesis,
we investigated the reaction of 3 with N-lithio amines
and found that the reaction with N-lithio arylamines
gave ortho-alkenylated arylamines 4 in moderate to
good yields (Scheme 1).” In this paper we describe in
detail the direct alkenylation of arylamines at the ortho-
position with magnesium alkylidene carbenoids and
theoretical studies of the reaction.



T. Satoh et al. / Tetrahedron 61 (2005) 10262-10276

i

Rf ToISCH,CI ! STol  iPrMgCl
(o) _— — _—
R? in three steps R? cl E()éliecne
1 2
Scheme 1.

2. Results and discussion

2.1. Direct ortho-alkenylation of arylamines including
aniline with the magnesium alkylidene carbenoid 6

1-Chlorovinyl p-tolyl sulfoxide S, which was synthesized
from 1,4-cyclohexanedione mono ethylene ketal and
chloromethyl p-tolyl sulfoxide in high yield,*” in dry THF
was treated with -BuMgCl (0.12 equiv) at —78 °C to
remove a trace of moisture in the reaction mixture. After
10 min, i-PrMgCl (2.8 equiv) was added to the reaction
mixture. The sulfoxide—magnesium exchange reaction took
place instantaneously to give the magnesium alkylidene
carbenoid 6.%° First, reaction of 6 with N-lithio piperidine
and N-lithio n-hexylamine was investigated, however, only
a rather complex mixture was obtained with these N-lithio
alkylamines.

Next, the reaction was investigated with N-litho arylamines.
N-litho aniline (3 equiv), which was generated from aniline

(o}
__STol  iPrMgCl __ Mgcl
5 6

Scheme 2.

Table 1. Conditions for the ortho-alkenylation of aniline

10263
NRLi
AN
, | ==X
R MgClI
— —_—
R? Cl <78 ~-10°C
3

and n-BuLi in THF at — 78 °C, was added to the solution of
the magnesium alkylidene carbenoid 6, generated as above,
through a cannula at —78 °C and the temperature of the
reaction mixture was gradually allowed to warm to — 10 °C.
We obtained a colorless crystalline product in 25% yield.
The product showed C;5sH;9NO, as the molecular formula
and N-H absorption on its IR spectrum. At this stage two
products, alkenyl aniline 7a and enamine 8, were expected
to be produced. "H NMR showed two NH protons and only
four aromatic protons (6 6.69 (1H, d), 6.73 (1H, t), 6.98 (1H,
d), 7.06 (1H, t)). From the coupling pattern of these aromatic
protons and the '*C NMR, the structure of the product was
unambiguously determined to be the ortho-alkenylated
aniline 7a (Scheme 2).

We were somewhat surprised and pleased by this result
because no report has been published on the reaction of
anilines with alkylidene carbenes (or carbenoids).'® In
addition, this reaction was recognized to be a quite novel
and direct alkenylation of arylamines on the aromatic ring.

NHLi

|:: H NH, |:Z H

—_— pr— pr—

-78 °C to C

-10 °C, 25% NH
7a 8

NHLi

? 1) t-BuMgCl (0.12 eq)

H NH,

|:°><:>:<ST°' 2)i-PrMgCl (2.8 eq)
o Cl  Solvent,-78 °C 78°Cto

-10°C
5 additive (10 eq) 72

Entry Solvent Additive Yield of 7a %
1 THF No 25
2 CPME? No 9
3 Toluene No 49
4 Toluene DMPU® 14
5 Toluene HMPA 14
6 Toluene 12-Crown-6 16
7 Toluene TMEDA 25
8 Toluene DME 37
9 Toluene CPME? 40

# Cyclopentyl methyl ether.
b 1,3-Dimethyl-3,4,5,6-tetrahydro-2(1 H)pyrimidinone.
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Table 2. Synthesis of ortho-alkenylated arylamines 7 by the reaction of magnesium alkylidene carbenoid 6 with N-lithio arylamines

Entry Arylamine® ortho-Alkenylated arylamine 7 (Yield, %)
1 (0} H 7b X=0CH; (44)
X NH, |: — NH,
o 7e X=Cl (28)
2
CH; (0] H
|: — NH,
NH o
3 < />— ) (32)
CH;
4 o -
CH,;
@N HCH,
5 (3%)
NH;
NH;
7 (60)

? Three equivalents of N-lithio arylamines were reacted with 6.
® No para-alkenylated product was obtained.

First of all, we investigated the best conditions for this
ortho-alkenylation and the results are summarized in
Table 1.

The use of cyclopentyl methyl ether (CPME) as a solvent
gave a miserable yield (entry 2). As shown in entry 3,
toluene was found to be a good solvent for the reaction and
49% yield of 7a was obtained. Encouraged by this result,
several reaction conditions were investigated in toluene in
the presence of an additive. However, the additives
investigated were found to be ineffective (entries 4-9).
We decided to use toluene as the solvent without any
additive throughout this study.

Next, we investigated the generality of this reaction of
the magnesium alkylidene carbenoid 6 with other
N-lithio arylamines under the conditions described
above and the results are summarized in Table 2. The
reaction with the aniline having an electron-donating
group (OCH3) at the 4-position gave a similar yield of
7b (entry 1), however, the aniline having an electron-
withdrawing group (Cl) gave 7c¢ in markedly diminished
yield (entry 2). The reaction with ortho-toluidine gave
the ortho-alkenylated aniline 7d (entry 3). Interestingly,
2,6-dimethylaniline gave no para-alkenylated aniline.
This result indicated that this reaction only gives ortho-
alkenylated products.

N-Methylaniline gave an ortho-alkenylated product 7e in
38% yield (entry 5). Interestingly, the reaction with
l-aminonaphthalene and 1-aminoanthracene gave much
better yields of the ortho-alkenylated aryl amines 7f and 7g,
respectively, (entries 6 and 7).

The reaction of the magnesium alkylidene carbenoid 6 with
meta-substituted anilines is quite interesting because the
regioisomers are expected to be obtained. We investigated
the reaction with four meta-substituted anilines and the
results are summarized in Table 3.

The reaction with meta-anisidine gave two products and the
main product was found to have the alkenyl group at a more
hindered position 7h (entry 1). In the previous communication,
we reported that the reason for this regioselectivity may be the
chelation of the magnesium alkylidene carbenoid 6 between
the amino group and the methoxy group.” However, all other
meta-substituted anilines, even meta-methylaniline, which has
no ability for the chelation, gave more hindered alkenylated
compounds as main products (entries 2—4), although the yields
were not satisfactory. The theoretical study for this
regioselectivity is discussed later (vide infra).

2.2. Study for the reaction mechanism

At this stage, we investigated the mechanism of this reaction
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Table 3. Synthesis of ortho-alkenylated arylamines 7 by the reaction of magnesium alkylidene carbenoid 6 with meta-substituted N-lithio anilines

Entry meta-Substituted anilin® ortho-Alkenylated arylamine 7 (Yield, %)
H;CO, (0] H H
|: — NH, % — NH,
NH, (0]
1 H,CO
7h (30
(30) OCH,
7i (13)
Hj (0] H H
|: — NH, % — NH,
NH, (0]
2 H,;C
7j (19
j (19) CH,
7k (14)
Cl (0] H H
[ X = e =
NH, (0]
3 (o]
71 (25) clI
7m (13)
NC, (0} H H
|: — NH, % — NH,
NH, (¢}
4 NC
Tn (7)
70 (4)

# Three equivalents of meta-substituted N-lithio aniline was reacted with 6.

by using aniline-2,3,4,5,6-ds (Scheme 3). The reaction
of the magnesium alkylidene carbenoid 6 with N-lithio
aniline-2,3,4,5,6-ds A was carried out in toluene and

ortho-alkenylated aniline 9 was obtained. The deuterium

incorporation of 9 at the olefinic carbon was measured by 'H

|:0 Cl
o) MgCl
6 o) MgCl
NHLi NH |: — b
D D .00 o/ NH
> D —_—
D D D D D
D D D
A B C
Patha % o /\
o NHD
c — D
—
D
®mgcl D
Pathb_ @’B § D
—_— .o e — PE—
NH ©) NH
D
D D D
D
F G

Scheme 3.

NMR and the deuterium incorporation was found to be 25%.
From this result, we propose the mechanism of this reaction
as follows (Scheme 3).

The N-lithio arylamine A is present in the resonance form,

D (H) H,O —Q D (H)
Ic) — |: —
NH(D NH
(D) (o) D 2
D D D
D
E 9

25% D content at
the olefinc carbon
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Table 4. Synthesis of ortho-alkenylated arylamines by the reaction of magnesium alkylidene carbenoid derived from 10 with N-lithio arylamines

NRLi
? X
| ——x
CH;  STol jPrMgCl Z CH;  H NHR
cH, o Toume o gs—a0cc cH, TN,
10 1n 7
Entry Arylamine® ortho-Alkenylated arylamine (Yield, %)
1 CH, H 11a X=H 43)
X NH;, — NH, 11b X=0CH; 43)
CH;
X
H;CO CH; H CH,; H
— NH, — NH,
NH, CH; CH,;
3 H,CO
11c (29) OCH,
11d (22)

CH, H
NHCH, —(  NHCH,
4 CH; (46)
11e

CH;,
o c*
. QQ o9

CH,
— H,
CH
gas
H H

H
N
11f
NH,
11g

* Three equivalents of N-lithio arylamine was reacted with the carbenoid derived from 10.

lithium a-imino carbanion B. The reaction of B with the
magnesium alkylidene carbenoid 6 takes place with
inversion of the configuration at the carbenoid carbon to
give the intermediate C. The inversion of the configuration
in the reaction of lithium alkylidene carbenoids with
alkyllithium has been reported by Walborsky et al.'! Oku
et al.'? and Narasaka et al.'"> We will discuss later the
structure of the carbenoid and the reaction by B3LYP and
MP2 calculations (vide infra).

Two pathways (path a and b) were postulated for the
mechanism from the intermediate C to the product 9. Thus,
the intermediate C is first aromatized (intermolecular
transfer of the deuterium from the carbon to the nitrogen
was presumed to be take place) to give the alkenylmag-
nesium D. Then the alkenyl anion picks up the proton or
deuterium on the nitrogen to give E, which was treated with
water to afford 9 (path a). Less than 50% deuterium
incorporation on the olefinic carbon was anticipated in path
a. The other mechanism (path b) is as follows: the alkenyl
anion first picks up the deuterium on the carbon next to the

imine F to give an anion having deuterium on the olefinic
carbon G. The intermediate G is aromatized to give E.
Close to 100% deuterium incorporation was expected in
path b. As described above, because the obtained ortho-
alkenylated aniline 9 had 25% of deuterium on the olefinic
carbon, this reaction was proved to proceed via path a.

2.3. Synthesis of the aryl amines having 2-methyl-1-
propene at the ortho-position

To investigate the generality of this reaction, we further
studied this reaction using 1-chlorovinyl p-tolyl sulfoxide
10 derived from acetone and the results are summarized in
Table 4. Entries 1 and 2 show that quite similar yields were
obtained with aniline and p-anisidine. The reaction with
m-anisidine gave two products and the main product was
again found to be the more sterically hindered 11c (entry 3).
N-methylaniline gave better yield compared with the result
in Table 2, entry 5. Again, much better yields were obtained
from the reaction of the magnesium alkylidene carbenoid with
1-aminonaphthalene and 1-aminoanthracene (entries 5 and 6).
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Table 5. The reaction of the magnesium alkylidene carbenoids derived from E- and Z-1-chlorovinyl p-tolyl sulfoxides with N-lithio aniline, N-lithio 1-
aminonaphthalene and N-lithio 1-aminoanthracene

Entry Arylamine® Product EIZ (Yield, %)
: Cl NH, Q H NH,
1 $(0)Tol 6:94 (53)
12E
16z

S(0)Tol NH, O
cl .
127 _ r 94:6 46)
H 2

i
o

16E
NH; Q H NH,
3 12E OO 3:97 (65)
172
1 4@
4 122 _ 95:5 an
H NH,
17E
NH;, Q H NH,
5 12E OOO OOO 2278 (69)
182
9%
6 122 OOO _ 84:16 (66)
H NH,
Hi(:>_<CI NH,
; =/ '5(0)Tol 496 (©8)
13E
H,C.  S(O)Tol NH;
:>:<CI .
g R 94:6 (62)
H3Cj cl NH;
. n-CsHys  S(O)Tol 44:56 (54)
14E
H, S(0)Tol NH;
10 n-CsHy ClI OO 34:66 55)
142
H,G  Cl NH;
. PH  S(O)Tol 6:94 ©1)
15E
H,C  S(O)Tol NH;
PH  CI .
b ’ R 2575 (45)

 Three equivalents of N-lithio aniline, N-lithio 1-aminonaphthalene and N-lithio 1-aminoanthracene were reacted with the magnesium alkylidene carbenoids.
® The ratio of E/Z was determined from their "H NMR.
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Table 6. Quenching of the magnesium alkylidene carbenoid derived from 12 and 15 with water

STol  iPrMgcl  H.0 R H R' ¢l
— - > — + >_<—
R? cl Toluene R? cl R2 H
=78 °C, 5 min
12 and 15
Entry 1-Chlorovinyl p-tolyl sulfoxide Alkenylchloride
Cl
! S(O)Tol C :H
22F
S(O)Tol H
z CH (=
IZZ 227
H3Q: Cl
3 PH  'S(O)Tol PH H
15E
Hj S(O)Tol H, H
— 23+ —
4 Ph Cl Ph Cl
157 237

23E:23Z2=35:65

2.4. Stereochemistry of the reaction

Next, we investigated the stereochemistry of these
reactions. First of all, stereoisomers of the 1-chlorovinyl
p-tolyl sufoxides (12-15) were synthesized from unsym-
metrical ketones (2-cyclohexenone, methyl vinyl ketone,
2-heptanone, and acetophenone) and the reaction was
carried out with aniline, 1-aminonaphthalene and 1-amino-
anthracene. The results are summarized in Table 5. Quite
interestingly, the reaction of the magnesium alkylidene
carbenoids derived from 12E and 12Z with aniline and
l-aminonaphthalene gave Z-ortho-alkenylated arylamines
16Z and 17Z, and E-ortho-alkenylated arylamines 16E and
17E, respectively, with high stereospecificity (entries 1-4).
The reaction of 12E and 12Z with 1-aminoanthracene gave

/CI
CL Mg
|
Me" Me
24

RHF/6-31(+)G*
+2.03 K cal/mol

RHF/6-311(+)G**
+5.42kcal/mol

B3LY P/6-31(+)G*

also the ortho-alkenylated 1-aminoanthracenes, 18Z and
18E, stereospecifically although the stereospecificity was
somewhat lower (entries 5 and 6). The 1-chlorovinyl p-tolyl
sulfoxide derived from methyl vinyl ketone 13 showed
again quite high stereospecificity with 1-aminonaphthalene
to give 19Z and 19F (entries 7 and 8).

Further, this reaction was carried out with the 1-chlorovinyl
p-tolyl sulfoxides derived from unsymmetrical dialkyl
ketone (2-heptanone) 14 and alkyl aryl ketone (aceto-
phenone) 15 with 1-aminonaphthalene. Quite interestingly,
both vinyl sulfoxides 14F and 14Z gave mainly Z-isomer
20Z (entries 9 and 10), namely, the reactions with 14 show
stereoselectivity. The reaction with 15E and 15Z showed
also stereoselectivity. In this case, 15E exclusively gave 21Z

 MP2/6-31(+)G*

+0.28 kcal/mol 0
B3LYP/6-311(+)G** MP2/6-31 1(+)G**
+1.46 kcal/mol 0

Figure 1. Geometries of 1-chloro-2-methylpropenylmagnesium chloride 24 optimized at the RHF, B3LYP, and MP2 levels of theory with the 6-31(+)G* and
6-311(+)G** basis sets. The energies of these geometries were calculated at the CCSD(T) method with the corresponding basis set.
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in high stereoselectivity (entry 11). The reaction with 15Z
gave 21Z, however, the selectivity was lower than the
reaction with 15F (entry 12).

The stereospecificity and the stereoselectivity mentioned
above are explained as follows. If the configuration of the
magnesium alkylidene carbenoids generated from 1-chloro-
vinyl p-tolyl sulfoxides derived from a,B-unsaturated
ketones is stable enough in the reaction conditions, the
N-lithio arylamine attacks backside to the chlorine atom to
give the product stereospecifically. On the other hand, if the
configuration of the magnesium alkylidene carbenoids
generated from the 1-chlorovinyl p-tolyl sulfoxide derived
from dialkyl ketone or alkyl aryl ketone is not stable under
the reaction conditions, both isomers of the magnesium
alkylidene carbenoids are present in equilibrium before the
alkenylation and from the more stable isomer the main
product is produced.

In order to obtain the information on the stability of the
magnesium alkylidene carbenoids, we treated 12 and 15
with i-PrMgCl at —78 °C for 5 min and the generated
magnesium alkylidene carbenoids were quenched with
water. The results are summarized in Table 6. As
anticipated, the reaction of 12F and 12Z gave 22F and
227, respectively, without any presence of the isomer
(entries 1 and 2). These results imply that the configuration
of the generated magnesium alkylidene carbenoids is stable
for at least 5 min. The reaction of 15E gave 23F exclusively,
however, 15Z gave a mixture of 23E and 23Z. These results
imply that the magnesium alk_ylidene carbenoid generated
from 15F and 15Z is unstable.” These results are consistent
with the stereospecificity and the stereoselectivity shown in
Table 5. We studied the stability for the geometry of the
magnesium alkylidene carbenoids by calculation and will
discuss this later (vide infra).

2.5. Theoretical studies for the a-chloro alkenylmag-
nesium chlorides and the reactivity of the N-lithio meta-
substituted anilines

To better understand these substitution reactions of the
magnesium alkylidene carbenoids (o-chloro alkenylmag-
nesium chlorides), we studied them computationally. All
calculations were performed using the Gaussian 98
program.'* The frequency calculations on the optimized
structures gave only harmonic frequencies and confirmed
that they are minima. The structures of the o-chloro

E-25 Z-25

(B3LYP/6-31(+)G*)
MP2/6-31(+)G*
MP2/6-311(+) G+

alkenylmagnesium chlorides were first studied using
the RHF, B3LYP, and MP2 levels of theory with the
6—31(+)G*'5 basis set. The obtained geometries of
1-chloro-2-methylpropenyl-magnesium chloride 24 are
shown in Figure 1.

The magnesium atom interacts with the vinyl chloride
strongly at the RHF level and the structure is a complex of
the alkenyl carbene with MgCl, rather than the o-chloro
alkenylmagnesium chloride. This structure is not com-
patible with our experimental results. On the other hand,
both the B3LYP and MP2 geometries are the a-halo
alkenylmagnesium chloride where the C—Cl bond is bridged
by the magnesium atom. The '*C NMR study'®'” of the
a-bromo alkyllithium compounds showed considerable
weakening of the C—Br bonds and the theoretical studies
reported a bridging geometry for H,CLiCl,'"® CH,=FL4i,"
and RR'C=CLiX (X=Cl, Br)."*

In order to know, which a-chloro alkenylmagnesium
chloride structure is more reliable, the energies were
computed using a higher level of the correlation method,
CCSD(T)/6-31(+)G*, on these geometries. The relative
energies are +2.03, 0.28, and 0 kcal/mol, respectively.
Although the CI-Mg distance of the MP2 geometry is longer
than that of the BALYP by 0.26 A, those CCSD(T) energies
are not much different. The MP2 geometry was reoptimized
with oconstraining the Cl-Mg distance to 2.45, 2.50, and
2.55 A at the MP2/6-31(+)G* level and the relative
CCSD(T) energies were —0.09, —0.13 and —0.08 kcal/
mol, respectively. Therefore, the real structure seems to be
between the B3LYP structure and the MP2 structure and is
closer to the latter. To see the basis set effects, the structures
were also calculated using 6-311(+)G**. Since the
geometries are almost the same as the 6-31(+)G* basis
for all the RHF, B3LYP, and MP2 levels of theory, the
6-31(+)G* basis set is as good as the 6-311(+)G** basis
set for the structure of a-chloro alkenylmagnesium chloride.

Stereospecific formation of the alkenyl aniline was observed
when the conjugated a-chloro alkenylmagnesium chlorides
were used. Therefore, the structures of the conjugated
a-chloro alkenylmagnesium chlorides were further studied.
The optimized structures for E- and Z-1-chloro-2-methyl-1,
3-butadienylmagnesium chloride 25 are shown in Figure 2.
There are three characteristic differences between 24 (see
Fig. 1) and 25. The distances between the Mg and the vinyl-
Cl is much longer, the C—Cl bond is shorter, and the C=C-

Ch__MgCl
I
M
E-25

Cl. MgCl

Cl__MgClI
|
| Me

Z-25

Mé Me
26 26

Figure 2. Geometries of E-25, Z-25, and 26 optimized at the B3LYP/6-31(+)G*, and MP2/6-31(+)G*, and MP2/6-311(+)G**.
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27a-2
AE = +0.22 kcal/mol
pu= 44095

27b-1 27b-2
AE =+0.09 kcal/mol AE=0
pn=4.63 debye 1 =4.40 debye

27d-1
AE = 1+0.80 kcal/mol

n=6.04 debye 1 =9.16 debye

2723 o 27a-4
AE = +1.14 kcal/mol AE = +1.40 kcal/mol
w=49175 1=5.2422

27¢-1 27¢-2
AE=0 AE =+0.41 kcal/mol
n=4.61 debye p =628 debye

27f

Figure 3. Optimized structures of N-lithio meta-substituted anilines 27 at the MP2/6-31(+)G* level of theory. Atomic charges with hydrogens summed into
heavy atoms were calculated using the CHelpG scheme of Breneman (MP2/6-31(+)G* density =MP2 pop=CHelpG).

Mg angle is smaller in 25 at both the B3LYP and MP2 levels
of theory. Thus, the conjugated systems are geometrically
stabilized. The charges computed by natural population
analysis (MP2/6-31(+)G* density=MP2 pop=NPA)
show a more negative charge on the vinyl-Cl in 24 and
the alkyl-Cl in 2-chloro-2-propanylmagnesium chloride 26
than on the vinyl-Cl in 25 (the values are as follows: E-25,
—0.06; Z-25, —0.07; 24, —0.18; 26, —0.22).%° In these
cases, the Mg—Cl distances correspond to the amount of
the negative charge on the vinyl-Cl. That is, the shorter the
Mg-Cl distances, the more negative charge on the Cl. Only
a small amount of the negative charge is placed on the vinyl-
Cl due to the charge delocalization in the conjugated
systems 25. Thus, the interaction between the Mg and the C1
is weaker in 25 than those in 24 and 26. This weaker
interaction increases the geometrical stabilization, and,
therefore, stereospecific reaction can be expected.

For the reaction with meta-substituted anilines, the more
hindered alkenylated compounds were obtained as main
products. To see the reactivity of these N-lithio meta-
substituted anilines 27, the electrostatic potential-derived
charges using the CHelpG scheme of Breneman (MP2/6-

31(+)G* density=MP2 pop=CHelpG) were calculated
with the structures optimized at the MP2/6-31(+)G* level.
The results are shown in Figure 3.

Four conformers 27a-1-27a-4 were obtained for N-lithio
meta-anisidine. The more negative atom charge (—0.56)
was found on the carbon-2 in the most stable conformer
27a-1. The same value (—0.49) was obtained on both the
carbon-2 and the carbon-6 in 27a-2, which is 0.22 kcal/mol
less stable than 27a-1. In the other two conformers (27a-3
and 27a-4), the more negative charge was also found on the
carbon-2. Thus, the obtained product selectivity corre-
sponds well to the negative charges on both the carbon-2
and the carbon-6, and the conformer stability.

There are two conformers for N-lithio meta-methylaniline
(27b-1 and 27b-2). Although the more negative charge was
found on the carbon-2 in both conformers, the difference is
small in the more stable 27b-2. Therefore, the less selective
formation of 7j was found (see Table 3, entry 2). There are
also two conformers for both N-lithio meta-chloroaniline
and N-lithio meta-cyanoaniline (27¢ and 27d). The more
negative charges were found on the carbon-2 in the more
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stable conformers 27¢-1 and 27d-1. Compared to 27a, the
less negative charges found in 27¢ and 27d are thought to be
a reason for the lower product yields. In these cases, all
the more stable conformers have smaller dipole moment.
Since the reaction was performed in toluene with low
polarity (£=2.379), the conformers with lower dipole
moment are stabilized. In fact, the energy differences are
in proportion to the differences of the dipole moment in
27b-d.

For 27a, not only the dipole moment, but also the MeO
conformation is important for the conformer stability. The
electrostatic interaction of the lithium with the carbon-2 and
the oxygen stabilizes 27a-1. On the other hand, this
stabilization was reduced in 27a-4 due to the electrostatic
interaction between the negative carbon-2 and the positive
methyl group. The electrostatic repulsion between the
carbon-2 and the oxygen destabilizes 27a-3 compared
with 27a-2. Furthermore, the dipole moment increases in the
order of 27a-1, 27a-2, 27a-3, and 27a-4. Thus, the energy
differences of these conformers can be explained on the
basis of the dipole moment and the electrostatic interaction.
The electrostatic potential-derived charges were also
calculated for N-lithio aniline 27e and anisole 27f. The
strongly electron-donating lithioamino group increases the
negative charge on both the ortho positions with the lithium
side more. Thus, the CHelpG results explain the experi-
mental reactivity and the selectivity very well.

3. Experimental
3.1. General

All melting points are uncorrected. "H NMR spectra were
measured in a CDCIl3 solution with JEOL JNM-LA 500
spectrometer. Electron-impact mass spectra (MS) were
obtained at 70 eV by direct insertion. Silica gel 60 (Merck)
containing 0.5% fluorescence reagent 254 and a quartz
column were used for column chromatography and the
products having UV absorption were detected by UV
irradiation. In experiments requiring a dry solvent, toluene
was distilled from CaH, and THF was distilled from
diphenylketyl.

57102 12E,12Z* 15E,” and 15Z are known compounds.

3.1.1. 2-(1,4-Dioxaspiro[4.5]dec-8-ylidenemethyl)phenyl-
amine (7a). To a solution of 5 (98.1 mg; 0.3 mmol) in
6 mL of dry toluene in a flame-dried flask at —78 °C under
argon atmosphere was added #-BuMgCl (0.036 mmol)
dropwise with stirring. After 10 min, i-PrMgCl
(0.84 mmol) was added dropwise to the reaction mixture
at —78 °C to give the magnesium alkylidene carbenoid 6.
n-BuLi (0.93 mmol) was added to a solution of aniline
(0.082 mL; 0.90 mmol) in 4 mL of dry toluene in an another
flame-dried flask at —78 °C under argon atmosphere to give
the lithium anilide. This solution was added to a solution of
the carbenoid 6 through a cannula. Temperature of the
reaction mixture was gradually allowed to warm to — 10 °C.
The reaction was quenched by satd aq NH4ClI and the whole
was extracted with CHCl;. The organic layer was washed
once with water and dried over MgSQO,. After removal of the

solvent, the product was purified by silica gel column
chromatography to give 7a (35.9 mg; 49%) as colorless
needles; mp 118-119 °C (AcOEt/hexane); IR (KBr) 3464
(NH), 3371 (NH), 2946, 2894, 1631, 1491, 1454, 1116,
1079, 1029, 904, 754cm ™~ '; 'H NMR 6 1.67 2H, t, J=
6.4 Hz), 1.80 (2H, t, J=6.4 Hz), 2.35 (2H, t, J=6.6 Hz),
2.46 (2H, dt, J=6.4 Hz), 3.67 (2H, br s), 3.98 (4H, s), 6.09
(1H, s), 6.69 (1H, d, J=8.0 Hz), 6.73 (1H, t, J=7.5 Hz),
6.98 (1H, d, J=7.4 Hz), 7.06 (1H, t, J=7.0 Hz). ’C NMR 6
26.3,33.6, 35.5, 36.3, 64.4 (20), 108.7, 115.0, 118.0, 119.2,
123.6, 127.7, 130.1, 142.4, 144.3. MS mlz (%) 245 M,
100), 200 (30), 183 (19), 159 (27), 144 (44), 130 (39), 107
(70), 106 (45). Anal. Calcd for C;sH9oNO;: C, 73.44; H,
7.81; N 5.71. Found: C, 72.99; H, 7.75; N, 5.48.

3.1.2. 2-(1,4-Dioxaspiro[4.5]dec-8-ylidenemethyl)-4-
methoxyphenylamine (7b). Colorless oil; IR (neat) 3445
(NH), 3362 (NH), 2948, 1604, 1498, 1274, 1239, 1120,
1082, 1035cm™'; '"H NMR 6 1.67 (2H, t, J=6.4 Hz),
1.80 2H, t, J=6.6 Hz), 2.37 (2H, t, J=6.1 Hz), 2.45 (2H,
t, J=6.1 Hz), 3.43 (2H, br s), 3.74 (3H, s), 3.98 (4H, m),
6.09 (1H, s), 6.58 (1H, d, /J=2.8 Hz), 6.65 (1H, s), 6.67
(1H, d, J=2.8 Hz). MS m/z (%) 275 M ™, 100), 230 (22),
212 (8), 189 (15), 174 (22), 160 (16), 137 (55), 122 (15), 117
(8). Calcd for C;¢H,NOj5: M, 275.1520. Found: m/z
275.1523.

3.1.3. 4-Chloro-2-(1,4-dioxaspiro[4.5]dec-8-ylidene-
methyl)phenylamine (7c). Colorless oil; IR (neat) 3469
(NH), 3369 (NH), 2951, 2884, 1615, 1488, 1275, 1248,
1120, 1082, 1033 cm ™ '; "THNMR 6 1.67 (2H, t, J=6.6 Hz),
1.79 (2H, t, J=6.6 Hz), 2.33 (2H, t, J=6.6 Hz), 2.45 (2H, t,
J=6.6 Hz), 3.66 (2H, br s), 3.98 (4H, s), 6.01 (1H, s), 6.61
(1H, d, J=8.5 Hz), 6.94 (1H, d, J=2.4 Hz), 7.00 (1H, dd,
J=8.4, 2.5 Hz). MS mlz (%) 279 (M, 98), 234 (28), 218
(14), 193 (20), 178 (22), 164 (36), 158 (28), 141 (100), 130
(12), 121 (18), 95 (20), 86 (12), 77 (10), 55 (12), 42 (12).
Calced for C;5H;3CINO,: M, 279.1025. Found: m/z
279.1025.

3.1.4. 2-(1,4-Dioxaspiro[4.5]dec-8-ylidenemethyl)-6-
methylphenylamine (7d). Colorless crystals; mp 105-
106 °C (AcOEt/hexane); IR (KBr) 3454 (NH), 3369 (NH),
2954, 2879, 2853, 1625, 1588, 1477, 1464, 1119, 1083,
1031, 919, 751 ecm~'; '"H NMR 6 1.66 (2H, t, J=6.6 Hz),
1.80 (2H, t, J=6.4Hz), 2.18 (3H, s), 2.35 2H, t, J=
6.4 Hz), 2.46 (2H, t, J=6.4 Hz), 3.65 (2H, br s), 3.98 (4H,
m), 6.11 (1H, s), 6.67 (1H, t, J=7.3 Hz), 6.87 (1H, d, J=
7.3 Hz), 6.97 (1H, d, J=7.3 Hz). MS m/z (%) 259 M,
100), 214 (28), 196 (12), 186 (6), 173 (33), 158 (46), 144
(36), 130 (10), 121 (62), 99 (6). Calcd for CsH,NO,: M,
259.1570. Found: m/z 259.1570. Anal. Calcd for
C6H,NO,: C, 74.10; H, 8.16; N 5.40. Found: C, 73.97;
H, 8.12; N, 5.37.

3.1.5. [2-(1,4-Dioxaspiro[4.5]dec-8-ylidenemethyl)phe-
nylJmethylamine (7e). Colorless crystals; mp 70-71 °C
(hexane); IR (KBr) 3424 (NH), 2947, 2884, 2813, 1601,
1578, 1507, 1166, 1120, 1082, 1034, 909, 749 cm ™ '; 'H
NMR 6 1.65 (2H, t, J=6.6 Hz), 1.80 (2H, t, J=6.6 Hz),
2.33 (2H, t, J=6.6 Hz), 2.45 (2H, t, J=6.6 Hz), 2.86 (3H,
s), 3.79 (1H, br s), 3.98 (4H, m), 6.03 (1H, s), 6.62 (1H, d,
J=8.3 Hz), 6.68 (1H, dt, J=7.4, 0.9 Hz), 6.96 (1H, d, J=
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7.4 Hz), 7.18 (1H, dt, J=8.3, 1.2 Hz). MS m/z (%) 259
M, 100), 214 (24), 173 (24), 158 (50), 144 (28), 130 (18),
120 (42), 99 (11),91 (11), 77 (6). Calcd for C;,H,NO,: M,
259.1571. Found: m/z 259.1574. Anal. Calcd for
C,6H,NO,: C, 74.10; H, 8.16; N, 5.40. Found: C, 73.67,
H, 7.89; N, 5.40.

3.1.6. 2-(1,4-Dioxaspiro[4.5]dec-8-ylidenemethyl)
naphthalen-1-ylamine (7f). Colorless needles; mp 123-
124 °C (AcOEt/hexane); IR (KBr) 3472 (NH), 3383 (NH),
2948, 2883, 1615, 1566, 1432, 1403, 1120, 1080, 1033, 758,
735cm ™', "THNMR 6 1.67 (1H, t, J=6.4 Hz), 1.84 (1H, t,
J=6.4 Hz),2.35(2H, t,J=6.6 Hz), 2.52 2H, t, J=6.5 Hz),
3.96-4.00 (4H, m), 4.21 (2H, brs), 6.28 (1H, s), 7.15 (1H, d,
J=8.6Hz), 7.27 (1H, d, J=8.3 Hz), 7.41-7.44 (2H, m),
7.76=7.77 (1H, m), 7.81-7.82 (1H, m). MS m/z (%) 295
(M, 100), 250 (20), 234 (6), 232 (8), 208 (10), 194 (20),
180 (35), 156 (82). Calcd for C;9H,NO,: M, 295.1570.
Found: m/z 295.1562. Anal. Calcd for C;oH,;NO,: C, 77.26;
H, 7.17; N, 4.74. Found: C, 77.15; H, 7.16; N, 4.75.

3.1.7. 2-(1,4-Dioxaspiro[4.5]dec-8-ylidenemethyl)
anthracen-1-ylamine (7g). Colorless amorphous; IR
(KBr) 3469 (NH), 3390 (NH), 2944, 2879, 1610, 1428,
1383, 1119, 1087, 1035, 909, 870, 737 cm ™ '; '"H NMR &
1.70 2H, t, J=6.6 Hz), 1.86 (2H, t, J=6.4 Hz), 2.39 (2H, t,
J=6.1 Hz), 2.54 (2H, t, J=6.1 Hz), 3.97-4.01 (4H, m),
4.36 (2H, br s), 6.32 (1H, s), 7.16 (1H, d, J=8.6 Hz), 7.41-
7.46 (3H, m), 7.95-7.97 (1H, m), 7.98-8.0 (1H, m), 8.34
(1H, s), 8.38 (1H, s). MS m/z (%) 345 (M, 100), 300 (15),
243 (15), 206 (60), 193 (6). Calcd for C,3H»3NO,: M,
345.1717. Found: m/z 345.1707.

3.1.8. 2-(1,4-Dioxaspiro[4.5]dec-8-ylidenemethyl)-3-
methoxyphenylamine (7h). Colorless oil; IR (neat) 3469
(NH), 3371 (NH), 2949, 2886, 2838, 1615, 1471, 1258,
1210, 1122, 1081, 1034 cm ™ '; "TH NMR 6 1.67 H, t, J=
6.4 Hz), 1.81 (2H, t, J=6.4 Hz), 2.15 (2H, t, J=6.4 Hz),
2.49 (2H, t, J=6.4 Hz), 3.69 (2H, br s), 3.76 (3H, s), 3.97
(4H, m), 5.88 (1H, s), 6.31 (1H, d, J=38.2 Hz), 6.36 (1H, d,
J=8.3Hz), 7.02 (1H, t, J=38.2 Hz). MS m/z (%) 275 M T,
100), 230 (26), 213 (16), 189 (34), 174 (40), 160 (24), 136
(63), 130 (10), 117 (8), 106 (15). Calcd for C,cH,NO3: M,
275.1520. Found: m/z 275.1520.

3.1.9. 2-(1,4-Dioxaspiro[4.5]dec-8-ylidenemethyl)-5-
methoxyphenylamine (7i). Colorless crystals; mp 87—
88 °C (AcOEt/hexane); IR (KBr) 3466 (NH), 3363 (NH),
2953, 2901, 1599, 1622, 1578, 1506, 1209, 1081, 1030,
903 cm ™~ '; "H NMR 6 1.66 (2H, t, J=6.4 Hz), 1.79 (2H, t,
J=6.6 Hz),2.35 2H, t,/J=6.6 Hz), 2.44 (2H, t, J=6.6 Hz),
3.69 (2H, br s), 3.76 (3H, s), 3.97-3.99 (4H, m), 6.03 (1H,
s), 6.26 (1H, d, J=2.7 Hz), 6.31 (1H, dd, J=38.2, 2.7 Hz),
6.88 (1H, d, J=8.2 Hz). MS m/z (%) 275 (M, 100), 230
(26), 214 (20), 189 (30), 174 (22), 160 (23), 136 (75), 130
(6), 117 (8). Calcd for C1¢H,1NO5: M, 275.1521. Found: m/z
275.1525. Anal. Calcd for C;¢H,;NOs: C, 69.79; H, 7.69; N,
5.09. Found: C, 69.74; H, 7.54; N, 5.13.

3.1.10. 2-(1,4-Dioxaspiro[4.5]dec-8-ylidenemethyl)-3-
methylphenylamine (7j) and 2-(1,4-dioxaspiro[4.5]dec-
8-ylidenemethyl)-5-methylphenylamine (7k). The reac-
tion gave an inseparable mixture of 7j and 7k. Colorless oil;

IR (neat) 3468 (NH), 3370 (NH), 2948, 2884, 1610, 1466,
1120, 1083, 757 cm™ 'H NMR (vinylic proton and
aromatic protons of 7j) 6 5.95 (s), 6.55 (d, J=7.9 Hz),
6.60 (d, J=7.3 Hz), 6.96 (t, J=7.8 Hz); 'H NMR (vinylic
proton and aromatic protons of 7k) ¢ 6.06 (s), 6.52 (s),
6.55 (d, J=7.9 Hz), 6.86 (d, J=7.7 Hz). MS m/z (%) 259
(M, 100), 214 (38), 173 (30), 158 (54), 144 (48), 120 (80).
Calcd for C¢H,NO,: M, 259.1572. Found: m/z 259.1577.

3.1.11. 3-Chloro-2-(1,4-dioxaspiro[4.5]dec-8-ylidene-
methyl)phenylamine (71). Colorless oil; IR (neat) 3474
(NH), 3368 (NH), 2952, 2884, 1615, 1471, 1447, 1120,
1083, 1034,908 cm ™~ '; "THNMR 6 1.65-1.70 (2H, m), 1.78—
1.84 (2H, m), 2.12-2.16 (2H, m), 2.48-2.52 (2H, m), 3.79
(2H, br s), 3.95-4.00 (4H, m), 5.92 (1H, s), 6.58 (1H, d, J=
8.0 Hz), 6.77 (1H, d, J=8.0 Hz), 6.97 (1H, t, /=28.0 Hz).
MS miz (%) 279 (M, 100), 234 (26), 218 (18), 193 (28),
178 (32), 164 (42), 158 (23), 141 (73). Calcd for
CsH3CINO,: M, 279.1024. Found: m/z 279.1018.

3.1.12. 5-Chloro-2-(1,4-dioxaspiro[4.5]dec-8-ylidene-
methyl)phenylamine (7m). Colorless oil; IR (neat) 3469
(NH), 3371 (NH), 2948, 2883, 1608, 1466, 1120, 1083,
1034, 908, 758 cm ™~ '; "H NMR ¢ 1.65 (2H, t, J=6.6 Hz),
1.79 2H, t,J=6.6 Hz), 2.31 (2H, t, J=6.6 Hz), 2.44 (2H, t,
J=6.6 Hz), 3.73 (2H, br s), 3.98 (4H, m), 6.00 (1H, s), 6.67
(1H, s), 6.68 (1H, d, /J=8.3 Hz), 6.87 (1H, d, /=8.3 Hz).
MS m/z (%) 279 (M, 100), 250 (8), 234 (26), 220 (8), 217
(20), 193 (26), 178 (29), 164 (38), 158 (20), 141 (65). Calcd
for C;5H3CINO,: M, 279.1024. Found: m/z 279.1022.

3.1.13. 3-Amino-2-(1,4-dioxaspiro[4.5]dec-8-ylidene-
methyl)benzonitrile (7n). Colorless oil; IR (neat) 3472
(NH), 3369 (NH), 2953, 2885, 2272 (CN), 1621, 1463,
1121, 1084, 1033,909 cm ™~ '; "THNMR 6 1.68—1.84 (4H, m),
2.21 (2H, m), 2.58 (2H, m), 3.88 (2H, br s), 3.95-3.99 (4H,
m), 6.06 (1H, s), 6.86 (1H, dd, J="7.8,0.9 Hz), 7.04 (1H, dd,
J=17.8,0.9Hz), 7.12 (1H, t, J=7.8 Hz). MS m/z (%) 270
(M, 100), 241 (22), 225 (40), 209 (28), 197 (38), 169 (32),
155 (40), 131 (23), 99 (34). Calcd for C;gHsN,O,: M,
270.1367. Found: m/z 270.1362.

3.1.14. 3-Amino-4-(1,4-dioxaspiro[4.5]dec-8-ylidene-
methyl)benzonitrile (70). Colorless oil; IR (neat) 3475
(NH), 3370 (NH), 2953, 2923, 2874, 2229 (CN), 1627,
1424, 1117, 1083, 1032, 909 cm ™~ '; '"H NMR 6 1.67 (2H, t,
J=6.6 Hz), 1.81 (2H, t, J=6.6 Hz), 2.31 (2H, t, /J=6.4 Hz),
2.47 (2H, t, J=6.4 Hz), 3.87 (2H, br s), 3.97-4.00 (4H, m),
6.03 (1H, s), 6.92 (1H, d, J=1.2 Hz), 6.99 (1H, dd, J=7.6,
1.2 Hz), 7.03 (1H, d, J=7.6 Hz). MS m/z (%) 270 (M ™,
100), 257 (10), 241 (15), 225 (28), 208 (30), 197 (19), 183
(23), 169 (52), 155 (57), 132 (99), 99 (40), 86 (44). Calcd for
C16H18N202: M, 270.1367. Found: m/z 270.1370.

3.1.15. 2-(2-Methylpropenyl)phenylamine (11a). Color-
less oil; IR (neat) 3466 (NH), 3376 (NH), 3022, 2968, 2930,
2855, 1615, 1491, 1454, 1299, 750 cm ™~ '; "H NMR 6 1.71
(3H, s), 1.91 (3H, s), 3.66 (2H, br s), 6.06 (1H, s), 6.69 (1H,
d, J=7.6 Hz), 6.73 (1H, t, J=7.6 Hz), 7.00 (1H, d, J=
7.6 Hz), 7.05 (1H, t, J=7.6 Hz). MS m/z (%) 147 (M ™,
100), 117 (30), 106 (30), 91 (11), 77 (13), 65 (11). Calcd for
C|0H13NZ M, 147.1047. Found: m/z 147.1049.
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3.1.16. 4-Methoxy-2-(2-methylpropenyl)phenylamine
(11b). Colorless oil; IR (neat) 3440 (NH), 3363 (NH),
2929, 2852, 1603, 1497 cm™—'; '"THNMR 6 1.73 (3H, d, J=
1.2 Hz), 1.91 (3H, d, J=1.2 Hz), 3.43 (2H, br s), 3.74 (3H,
s), 6.06 (1H, br s), 6.61 (1H, m), 6.65 (2H, m). MS m/z (%)
177 M™, 100), 162 (85), 147 (18), 134 (8), 117 (12), 91 (8).
Calcd for C;H;sNO: M, 177.1152. Found: m/z 117.1154.

3.1.17. 3-Methoxy-2-(2-methylpropenyl)phenylamine
(11c). Colorless oil; IR (neat) 3462 (NH), 3376 (NH),
2930, 2852, 1618, 1506, 1294, 1205, 1168, 1030 cm ™ '; 'H
NMR 6 1.59 (3H, s), 1.94 (3H, d, J=1.3 Hz), 3.71 (2H, br
s), 3.78 (3H, s), 5.91 (1H, br s), 6.32 (1H, d, J=28.0 Hz),
6.37 (1H, d, J=8.0 Hz), 7.02 (1H, t, J=8.0 Hz). MS m/z
(%) 177 (M™, 80), 162 (100), 147 (30), 131 (12), 117 (8),
106 (16), 91 (10), 77 (18), 65 (6). Calcd for C;;H,sNO: M,
177.1153. Found: m/z 117.1153.

3.1.18. 5-Methoxy-2-(2-methylpropenyl)phenylamine
(11d). Colorless oil; IR (neat) 3473 (NH), 3377 (NH),
2932, 2836, 1612, 1468, 1257, 1129, 1092, 1055, 770 cm ™ ';
"H NMR 6 1.70 (3H, s), 1.89 (3H, s), 3.70 (2H, br s), 3.76
(3H, s), 5.99 (1H, s), 6.26 (1H, d, J=2.8 Hz), 6.31 (1H, dd,
J=38.3, 2.8 Hz), 6.90 (1H, d, J=8.3 Hz). MS m/z (%) 178
(12), 177 (M, 100), 162 (66), 136 (48), 131 (10), 117 (10),
91 (8). Caled for C;;H{sNO: M, 177.1152. Found: m/z
177.1150.

3.1.19. N-Methyl-N-[2-(2-methylpropenyl)phenyl]amine
(11e). Colorless oil; IR (neat) 3429 (NH), 2911, 2814, 1602,
1578, 1506, 1459, 748 cm™'; '"H NMR 6 1.69 (3H, d, /=
0.9 Hz), 1.91 (3H, d, /J=1.3 Hz), 2.85 (3H, s), 3.76 (1H, br
s), 6.00 (1H, br s), 6.61 (1H, d, J=7.3 Hz), 6.68 (1H, t, J=
7.3 Hz), 6.98 (1H, d, J=7.3 Hz), 7.16 (1H, t, J=7.3 Hz).
MS m/z (%) 161 (M, 100), 146 (84), 131 (36), 118 (58),
115 (12), 91 (16), 77 (12), 65 (6). Calcd for C;;H;sN: M,
161.1204. Found: m/z 161.1206.

3.1.20. 2-(2-Methylpropenyl)naphthalen-1-ylamine
(11f). Colorless oil; IR (neat) 3469 (NH), 3383 (NH),
3054, 2929, 1610, 1565, 1507, 1430, 1400 cm ™~ '; 'H NMR
0 1.72 (3H, s), 1.97 (3H, d, J=1.2 Hz), 4.20 (2H, br s), 6.25
(1H, s), 7.17 (1H, d, J=8.3 Hz), 7.27 (1H, d, /J=28.3 Hz),
7.41-7.44 (2H, m), 7.77 (1H, dd, J=6.6, 2.5 Hz), 7.81-7.83
(1H, m). MS m/z (%) 197 (M ™, 100) 182 (85), 167 (30), 156
(22), 90 (6), 28 (24). Calcd for C4H;sN: M, 197.1204.
Found: m/z 197.1211.

3.1.21. 2-(2-Methylpropenyl)anthracen-1-ylamine (11g).
Colorless crystals; mp 98-100 °C (hexane); IR (KBr) 3469
(NH), 3383 (NH), 3050, 2960, 2926, 1617, 1527, 1402,
1387, 891, 873, 735cm™'; "H NMR 6 1.75 (3H, s), 2.00
(3H,d,J=1.2 Hz),4.34 (2H, br s), 6.30 (1H, s), 7.19 (1H, d,
J=8.5Hz), 7.41-7.46 (3H, m), 7.95-7.97 (1H, m), 7.99
(1H, m), 8.34 (1H, s), 8.39 (1H, s). MS m/z (%) 247 M ™,
100), 232 (26), 217 (20), 202 (6), 115 (8), 28 (24). Calcd for
CgH7N: M, 247.1360. Found: m/z 247.1370. Anal. Calcd
for C;gH7N: C, 87.41; H, 6.93; N, 5.66. Found: C, 87.69; H,
6.87; N, 5.57.

3.1.22. (E)-1-Chloro-2-methyl-1-(p-tolylsulfinyl)-1,3-
butadiene (13E) and (Z)-1-chloro-2-methyl-1-(p-tolylsul-
finyl)-1,3-butadiene (13Z). A solution of chloromethyl

p-tolyl sulfoxide (1.0 g; 5.3 mmol) in dry THF (5 mL) was
added dropwise to a solution of LDA (7.95 mmol) in 20 mL
of THF at —78 °C. The solution was stirred at —78 °C for
10 min, then methyl vinyl ketone (0.648 mL: 7.95 mmol)
was added. The reaction mixture was stirred for 10 min and
the reaction was quenched by satd aq NH4Cl. The whole
was extracted with CHCl;. The organic layer was washed
once with water and dried over MgSQO,. The solvent was
evaporated to leave the adducts as colorless crystals. The
adducts were dissolved in a mixture of acetic anhydride
(11.2mL) and pyridine (21.4 mL). 4-Dimethylaminopyr-
idine (108 mg; 0.88 mmol) was added to the solution and
the reaction mixture was stirred at room temperature for
15 h. The acetic anhydride and pyridine were evaporated
under vacuum and the residue was purified by silica gel
column chromatography to give the acetate (1.21 g; 76%) as
a colorless oil (a mixture of two diastereomers); IR (neat)
2995, 2945, 1739 (CO), 1370, 1239 (COC), 1092, 1065
(SO)em ™.

A solution of the acetate (205 mg; 0.68 mmol) in dry THF
(4 mL) was added dropwise to a solution of N-lithio
2-piperidone [1.7 mmol; prepared from n-BuLi (1.7 mmol)
and 2-piperidone (169 mg; 1.7 mmol) in THF (4 mL) at
0 °C] in THF at 25 °C. The mixture was stirred at 25 °C for
30 min. The reaction was quenched by satd aqg NH4Cl and
the whole was extracted with CHCl; and the organic layer
was washed three times with water. The organic layer was
dried over MgSO,. The solvent was evaporated to leave
colorless crystals, which were purified by silica gel column
chromatography to give 13E (79 mg; 48%) and 13Z (79 mg;
48%).

Compound 13E: Colorless needles; mp 103-104 °C
(AcOEt/hexane); IR (KBr) 3095, 3053, 3024, 2918, 1555,
1494, 1417, 1086, 1059 (SO), 922, 899, 807 cm™'; 'H
NMR 6 2.13 (3H, s), 2.41 (3H, s), 5.50 (1H, d, J=11.0 Hz),
5.63 (1H,d, J=16.8 Hz), 7.30 (2H, d, /=7.9 Hz), 7.47 (1H,
dd,J=16.8,11.0 Hz), 7.48 (2H, d, J=7.9 Hz). MS m/z (%)
240 (MY, 15), 223 (12), 205 (10), 188 (16), 175 (18), 157
(25), 139 (46), 124 (46), 117 (52), 105 (25), 89 (72), 77 (20),
65 (100). Calcd for C,H5CIOS: M, 240.0374. Found: m/z
240.0369. Anal. Calcd for C;,H5CIOS: C, 59.87; H, 5.44;
Cl, 14.73; S, 13.32. Found: C, 59.89; H, 5.29; Cl, 14.73; S,
13.09.

Compound 13Z: Colorless crystals; mp 77-78 °C (AcOEt/
hexane); IR (KBr) 3050, 3002, 2957, 1564, 1492, 1447,
1418, 1087, 1060 (SO), 939, 891, 810 cm ™ '; 'H NMR 6
2.40 (3H, s), 2.41 (3H, s), 5.56 (1H, d, J=11.0 Hz), 5.69
(1H, d, J=17.4 Hz), 6.93 (1H, dd, /=174, 11.0 Hz), 7.31
(2H, d, J=8.3 Hz), 7.49 (2H, d, J=28.3 Hz). MS m/z (%)
240 (M, 20), 223 (22), 192 (15), 187 (15), 177 (22), 157
(65), 139 (45), 123 (55), 105 (30), 91 (40), 77 (20), 65 (100).
Calcd for C,H5CIOS: M, 240.0374. Found: m/z 240.0371.
Anal. Calcd for C;,H3CIOS: C, 59.87; H, 5.44; Cl, 14.73;
S, 13.32. Found: C, 59.92; H, 5.21; Cl, 14.62; S, 13.08.

3.1.23. (E)-1-Chloro-2-methyl-1-(p-tolylsulfinyl)-1-hep-
tene (14E) and (Z)-1-chloro-2-methyl-1-(p-tolylsulfinyl)-
1-heptene (14Z). These compounds were synthesized from
chloromethyl p-tolyl sulfoxide and 2-heptanone in a similar
way as described above. The acetates were isolated by silica
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gel column chromatography to give more polar acetate-P
(55%) as a colorless oil and less polar acetate-L (39%) as
colorless crystals.

Acetate-P; IR (neat) 2956, 2870, 1732 (CO), 1494, 1461,
1369, 1243 (COC), 1154, 1093, 1066 (SO), 1018, 820,
516cm ™ '; '"H NMR 6 0.89 (3H, t, J=7.0 Hz), 1.20-1.43
(6H, m), 1.71 (3H, s), 1.87-1.93 (1H, m), 2.14 (3H, 5), 2.17—
2.20 (1H, m), 2.42 (3H, s), 5.25 (1H, s), 7.33 (2H, d, J=
8.3 Hz), 7.47 (2H, d, J=8.3 Hz). MS m/z (%) 344 (M ", 2),
205 (32), 140 (87), 139 (36), 109 (26), 91 (16), 65 (6), 43
(100). Calcd for C17H,5Cl105S: M, 344.1213. Found: m/z
344.1216.

Acetate-L: Colorless crystals; mp 64-65°C (AcOEt/
hexane); IR (KBr) 2950, 2931, 1726 (CO), 1242 (COC),
1087, 1463 (SO), 515cm™'; '"H NMR 6 0.92 3H, t, J=
7.0 Hz), 1.33-1.48 (6H, m), 1.61 (3H, s), 1.99-2.06 (1H, m),
2.09 (3H, s), 2.35-2.40 (1H, m), 2.42 (3H, s), 5.38 (1H, s),
7.33 (2H, d, J=8.0 Hz), 7.47 (2H, d, J=28.0 Hz). MS m/z
(%) 344 (M ™", 2), 205 (32), 140 (50), 139 (33), 109 (25), 91
(15), 65 (6), 43 (100). Calcd for C7H,5C105S: M, 344.1231.
Found: m/z 344.1233. Anal. Calcd for C;7H,5ClO5S: C,
59.20; H, 7.31; Cl, 10.28; S, 9.3. Found: C, 59.18; H, 7.36;
Cl, 10.15; S, 9.23.

Treatment of the acetate-L. and acetate-P with N-lithio
2-piperidone in THF at 25 °C gave 14Z (93%) and 14F
(96%), respectively.

Compound 14E: Colorless oil; IR (neat) 2957, 2929, 2860,
1493, 1456, 1088, 1061 (SO), 808 cm ™ '; 'H NMR 6 0.87
(3H, t, J=7.0 Hz), 1.26-1.31 (4H, m), 1.45-1.50 (2H, m),
2.31 (3H, s), 2.33 (2H, t, J=8.0 Hz), 2.41 (3H, s), 7.30 (2H,
d, J=7.9 Hz), 7.46 (2H, d, J=7.9 Hz). MS m/z (%) 284
(M ™, 26), 267 (100), 211 (24), 175 (32), 140 (36), 139 (26),
123 (21), 91 (36), 89 (17), 65 (17). Calcd for C,sH,,ClO5S:
M, 284.1002. Found: m/z 284.0994.

Compound 14Z: Colorless oil; IR (neat) 2957, 2929, 2861,
1493, 1456, 1088, 1062 (SO), 808 cm ™ '; 'H NMR 6 0.94
(3H, t, J=6.6 Hz), 1.38-1.41 (4H, m), 1.50-1.59 (2H, m),
2.00 (3H, s), 2.41 (3H, s), 2.73 (2H, t, J=7.9 Hz), 7.31 (2H,
d, J=7.9 Hz), 7.49 (2H, d, J=8.2 Hz). MS m/z (%) 284
(M ™, 85), 267 (100), 211 (75), 175 (56), 140 (90), 139 (63),
123 (56), 91 (72), 89 (68), 55 (42), 41 (42). Calcd for
C,5H,,CIOS: M, 284.1001. Found: m/z 284.0993.

3.1.24. (Z)-2-(Cyclohex-2-enylidenemethyl)phenylamine
(16Z). Colorless oil; IR (neat) 3467 (NH), 3376 (NH), 3030,
2932, 2829, 1615, 1489, 1453, 747 cm ™~ '; '"H NMR 6 1.81
(2H, quintet, J=6.2 Hz), 2.18-2.20 (2H, m), 2.48 (2H, t,
J=6.0 Hz), 3.69 (2H, br s), 5.87-5.91 (1H, m), 6.01 (1H, s),
6.35 (1H, d, J=10.8 Hz), 6.69 (1H, d, J="7.6 Hz), 6.73 (1H,
t, J=7.3 Hz), 7.04-7.07 (2H, m). MS m/z (%) 185 M ™,
100), 170 (15), 157 (64), 143 (14), 130 (34), 115 (10), 106
(52), 91 (13), 77 (14). Calcd for C;3H;sN: M, 185.1204.
Found: m/z 185.1210.

3.1.25. (E)-2-(Cyclohex-2-enylidenemethyl)phenylamine
(16E). Colorless oil; IR (neat) 3461 (NH), 3375 (NH), 3021,
2931, 2862, 2829, 1615, 1489, 1454 cm ™~ '; "H NMR 6 1.68
(2H, quintet, J=6.2 Hz), 2.16-2.19 (2H, m), 2.47 (2H, dt,

J=6.3, 1.5 Hz), 3.69 (2H, br s), 5.88-5.91 (1H, m), 6.10
(1H, s), 6.25 (1H, d, /=10.0 Hz), 6.69 (1H, d, J=28.0 Hz),
6.74 (1H, t, J=7.5 Hz), 7.04-7.07 (2H, m). MS m/z (%) 185
(M, 100), 170 (13), 157 (63), 143 (13), 130 (33), 115 (10),
106 (52),91 (12), 77 (12). Calcd for C3H,5N: M, 185.1204.
Found: m/z 185.1212.

3.1.26. (Z)-2-(Cyclohex-2-enylidenemethyl)naphthalen-
1-ylamine (17Z). Colorless crystals; mp 71-73 °C (hexane);
IR (KBr) 3478 (NH), 3392 (NH), 2928, 2856, 2822, 1614,
1403, 790, 736 cm™—'; '"H NMR ¢ 1.84 (2H, quintet, J=
6.2 Hz), 2.20-2.21 (2H, m), 2.53 (2H, t, J=6.3 Hz), 4.16
(2H, brs), 5.88-5.91 (1H, m), 6.18 (1H, s), 6.32 (1H, dd, J=
10.0, 0.9 Hz), 7.23 (1H, d, J=8.3 Hz), 7.26 (1H, d, J=
8.3 Hz), 7.40-7.43 (2H, m), 7.74-7.76 (1H, m), 7.78-7.80
(1H, m). MS m/z (%) 235 (M™, 100), 220 (10), 207 (42),
193 (8), 180 (30), 167 (6), 156 (18), 143 (6). Calcd for
C7H7N: M, 235.1359. Found: m/z 235.1353.

3.1.27. (E)-2-(Cyclohex-2-enylidenemethyl)naphthalen-
1-ylamine (17E). Colorless oil; IR (neat) 3472 (NH),
3385 (NH), 3054, 3021, 2930, 2862, 2829, 1615, 1403, 806,
758, 737 cm ™ '; 'TH NMR 6 1.68 (2H, quintet, J=6.2 Hz),
2.17-2.20 (2H, m), 2.46 (2H, t, J=6.2 Hz), 4.18 (2H, br s),
5.90-5.93 (1H, m), 6.29 (1H, s), 6.31 (1H, d, J=10.1 Hz),
7.22 (1H, d, J=8.6 Hz), 7.26 (1H, d, J=8.6 Hz), 7.39-7.43
(2H, m), 7.74-7.76 (1H, m), 7.79-7.80 (1H, m). MS m/z (%)
235 (M™, 100), 220 (10), 207 (44), 193 (8), 180 (30), 167
(8), 156 (18), 143 (6). Calcd for C;;H;;N: M, 235.1360.
Found: m/z 235.1366.

3.1.28. (Z)-2-(Cyclohex-2-enylidenemethyl)athracen-1-
ylamine (18Z). Colorless amorphous; IR (KBr) 3456
(NH), 3382 (NH), 2929, 2858, 1618, 875, 738 cm ™ '; 'H
NMR 6 1.85 (2H, quintet, J=6.2 Hz), 2.21-2.23 (2H, m),
2.55 (2H, t, J=5.9 Hz), 4.34 (2H, br s), 5.91-5.94 (1H, m),
6.22 (1H, s), 6.37 (1H, dd, J=10.0, 0.9 Hz), 7.24 (1H, dd,
J=8.7,1.9 Hz), 7.40-7.43 (3H, m), 7.93-7.97 (2H, m), 8.31
(1H, s), 8.34 (1H, s). MS m/z (%) 285 (M, 100), 257 (16),
230 (16), 206 (10), 193 (6). Caled for C, HgN: M,
285.1516. Found: m/z 285.1509.

3.1.29. (E)-2-(Cyclohex-2-enylidenemethyl)athracen-1-
ylamine (18E). Colorless crystals; mp 114-115°C
(hexane); IR (KBr) 3462 (NH), 3389 (NH), 2928, 2827,
1613, 869, 737 cm™'; '"H NMR ¢ 1.71 (2H, quintet, J=
6.1 Hz), 2.19-2.21 (2H, m), 2.49 (2H, t, J=6.0 Hz), 4.35
(2H, br s), 5.91-5.95 (1H, m), 6.33-6.34 (2H, m), 7.24 (1H,
d, J=8.5 Hz), 7.41-7.43 (3H, m), 7.93-7.97 (2H, m), 8.31
(1H, m), 8.35 (1H, s). MS m/z (%) 285 (M, 100), 256 (18),
230 (18), 206 (10). Calcd for C,;HoN: M, 285.1517. Found:
m/z 285.1521. Anal. Calcd for C,;HoN: C, 88.38; H, 6.71;
N, 4.91. Found: C, 87.79; H, 6.44; N, 4.86.

3.1.30. (Z)-2-(2-Methylbuta-1,3-dienyl)naphthalen-1-yl-
amine (19Z). Colorless crystals; mp 51-52 °C (hexane); IR
(KBr) 3476 (NH), 3391 (NH), 3055, 2979, 2930, 1618,
1404, 900, 810, 762, 738 cm ™ '; '"H NMR 6 2.07 (3H, s),
421 (2H, br s), 5.14 (1H, d, J=10.7 Hz), 5.36 (1H, d, J=
17.4), 6.47 (1H, s), 6.65 (1H, dd, /J=17.4, 10.7 Hz), 7.19
(1H, d, J=8.3 Hz), 7.26 (1H, d, J=8.3 Hz), 7.41-7.45 (2H,
m), 7.75-7.77 (1H, m), 7.79-7.81 (1H, m). MS m/z (%) 209
(M™, 100), 194 (84), 178 (20), 165 (12), 152 (8), 139 (6), 96
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(12). Caled for C;sHsN: M, 209.1204. Found: m/z
209.1207. Anal. Calcd for C;sH;sN: C, 86.08; H, 7.22; N,
6.69. Found: C, 85.85; H, 7.24; N, 6.69.

3.1.31. (E)-2-(2-Methylbuta-1,3-dienyl)naphthalen-1-
ylamine (19E). Colorless oil; IR (neat) 3474 (NH), 3388
(NH), 3055, 2918, 1615, 1403, 902, 797, 760, 737 cm ™ '; '"H
NMR 6 1.89 (3H, s), 4.22 (2H, br s), 5.16 (1H, d, J=
10.7 Hz), 5.33 (1H, d, J=17.4 Hz), 6.55 (1H, s), 6.66 (1H,
dd, J=17.4,10.7 Hz), 7.21 (1H, d, J=8.2 Hz), 7.28 (1H, d,
J=8.2 Hz), 7.42-7.46 (2H, m), 7.77-7.78 (1H, m), 7.81-
7.83 (1H, m). MS m/z (%) 209 (M ™", 100), 194 (88), 178
(20), 165 (14), 152 (10), 139 (6), 115 (6), 96 (14). Calcd for
C,sH;sN: M, 209.1203. Found: m/z 209.1203.

3.1.32. (Z)-2-(2-Methylhept-1-enyl)naphthalen-1-yl-
amine (20Z). Colorless oil; IR (neat) 3467 (NH), 3386
(NH), 2927, 2857, 1611, 1400, 1380 cm ™ '; "H NMR 6 0.81
(3H, t, J=6.9 Hz), 1.13-1.23 (4H, m), 1.42 (2H, quintet,
J=7.6 Hz), 1.94 (3H, s), 2.07 (2H, t, J=7.8 Hz), 4.17 (2H,
brs), 6.23 (1H, s), 7.14 (1H, d, J=8.3 Hz), 7.26 (1H, d, J=
9.2 Hz), 7.40-7.45 (2H, m), 7.76 (1H, m), 7.81 (1H, d, J=
7.3 Hz). MS m/z (%) 253 (M, 100), 196 (50), 182 (54), 167
(12), 156 (23), 143 (23). Calcd for C;gH,3N: M, 253.1828.
Found: m/z 253.1822.

3.1.33. (E)-2-(2-Methylhept-1-enyl)naphthalen-1-yl-
amine (20E). Colorless oil; IR (neat) 3472 (NH), 3384
(NH), 2928, 2856, 1615, 1403, 800, 760, 734 cm™'; 'H
NMR 6 0.94 (3H, t, J=6.4 Hz), 1.38 (4H, m), 1.57 (2H, t,
J=6.7 Hz), 1.69 (3H, s), 2.24 (2H, t, J=7.5 Hz), 4.18 (2H,
brs), 6.25 (1H, s), 7.17 (1H, d, J=8.3 Hz), 7.27 (1H, d, J=
8.3 Hz), 7.40-7.45 (2H, m), 7.76 (1H, d, /J=38.0 Hz), 7.81
(1H, d, J=7.7 Hz). MS m/z (%) 253 (M, 100), 238 (6),
196 (53), 182 (61), 167 (13), 156 (25), 143 (23). Calcd for
CgH>3N: M, 253.1829. Found: m/z 253.1837.

3.1.34. (Z)-2-(2-Phenylpropenyl)naphthalen-1-ylamine
(21Z). Colorless crystals; mp 110-112 °C (AcOEt/hexane);
IR (KBr) 3487 (NH), 3391 (NH), 2965, 2926, 2869, 1614,
1406, 804, 760, 748, 696 cm ™ '; 'H NMR 6 2.32 (3H, s),
4.24 (2H, br s), 6.55 (1H, s), 6.86 (1H, d, /J=8.6 Hz), 7.02
(1H, d, J=8.6 Hz), 7.13-7.20 (5H, m), 7.36-7.42 (2H, m),
7.65-7.67 (1H, m), 7.76 (1H, d, J=8.0 Hz). MS m/z (%)
259 (M, 92), 244 (100), 215 (8), 182 (11), 167 (10), 156
(18), 121 (12). Calcd for C1oH;7N: M, 259.1359. Found: m/z
259.1355. Anal. Calcd for C;oH7N: C, 87.99; H, 6.61; N,
5.40. Found: C, 87.82; H, 6.58; N, 5.48.

3.1.35. (E)-2-(2-Phenylpropenyl)naphthalen-1-ylamine
(21E). Colorless amorphous; IR (KBr) 3484 (NH), 3399
(NH), 3049, 2919, 2851, 1608, 1404, 761, 740, 697 cm ™ *;
"H NMR 6 2.16 (3H, s), 4.27 (2H, br s), 6.90 (1H, s), 7.28
(1H, d, J=8.3 Hz), 7.32-7.34 (2H, m), 7.40 (2H, t, J=
7.6 Hz), 7.44-7.48 (2H, m), 7.61 (2H, d, J=8.0 Hz), 7.79—
7.81 (1H, m), 7.84-7.86 (1H, m). MS m/z (%) 259 (M ", 92),
244 (100), 215 (8), 182 (11), 167 (8), 156 (17), 122 (8), 121
(9). Calcd for C19H7N: M, 259.1360. Found: m/z 259.1364.

3.1.36. (E)-3-Cholromethylenecyclohexene (22E). To a
solution of 12 (80 mg; 0.3 mmol) in 6 mL of dry toluene in a
flame-dried flask at —78 °C under argon atmosphere was
added #-BuMgCl (0.036 mmol) dropwise with stirring.

After 10 min, i-PrMgClI (0.84 mmol) was added dropwise
to the reaction mixture at —78 °C to give the magnesium
alkylidene carbenoid. After 5 min, the reaction was
quenched by satd aqg NH4Cl and the whole was extract
with CHCl;. The organic layer was washed once with water
and dried over MgSQ,. After removal of the solvent, the
product was purified by silica gel column chromatography
to give 19.7 mg (51%) of 22F as a colorless oil; IR (neat)
2941, 2867, 2834, 1694, 835, 795, 755 cm™'; 'H NMR 6
1.71 (2H, quintet, J=6.3 Hz), 2.11-2.15 (2H, m), 2.46 (2H,
dt, /=6.3, 2.1 Hz), 5.83-5.87 (1H, m), 5.91 (1H, s), 6.06
(1H, dt, J=10.1, 2.0 Hz). MS m/z (%) 128 (M ™, 40), 113
(6), 93 (100), 79 (82), 77 (66). Calcd for C;HoCl: M,
128.0393. Found: m/z 128.0390.

3.1.37. (Z)-3-Cholromethylenecyclohexene (22Z). Color-
less oil; IR (neat) 2940, 2866, 2832, 818,758,731 cm ™ '; 'H
NMR ¢ 1.70-1.75 (2H, m), 2.16-2.20 (2H, m), 2.30-2.33
(2H, m), 5.72 (1H, s), 6.01-6.05 (1H, m), 6.55-6.58 (1H,
m). MS m/z (%) 128 (M, 32) 113 (9), 93 (67), 83 (100), 79
47), 77 (46). Calcd for C;HoCl: M, 128.0393. Found: m/z
128.0391.

3.1.38. (E)-(2-Chloro-1-methylvinyl)benzene (23E).
Colorless oil; IR (neat) 3080, 3059, 2923, 1494, 1443,
801, 749, 695cm™'; '"H NMR 6 2.20 (3H, d, J=1.2 Hz),
6.32 (1H, q, J=1.4 Hz), 7.27-7.31 (1H, m), 7.32-7.34 (4H,
m). MS m/z (%) 152 (M, 100), 115 (56), 103 (33), 91 (47),
78 (42). Caled for CoHoCl: M, 152.0393. Found: m/z
152.0397.

3.1.39. (Z)-(2-Chloro-1-methylvinyl)benzene (23Z).
Colorless oil; IR (neat) 3059, 2970, 2916, 1494, 1442,
835, 762, 697 cm ™~ '; '"H NMR ¢ 2.09 (3H, d, J=1.5 Hz),
6.11 (1H, q, J=1.5 Hz), 7.28-7.32 (1H, m), 7.37-7.38 (4H,
m). MS m/z (%) 152 (M, 100) 115 (56), 103 (33), 91 (18),
78 (43). Calcd for CoHoCl: M, 152.0393. Found: mi/z
152.0390.
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Abstract—A selection of azapeptidomimetics containing constraining lactam rings have been prepared by Mitsunobu cyclization of serine/
homologated serine-azaalanine derivatives. These include sterically-congested B-lactams, as well as y-butyrolactam and d-valerolactam
analogs. A novel azaamino acid acylation method was developed to prepare the sterically demanding a-benzyl-serine-azaalanine precursor.
In all cases, the Mitsunobu conditions were highly efficient in forming the desired azapeptidomimetic lactams. The reported process

represents a general strategy for the synthesis of peptidomimetic structures with a constraining lactam ring.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Peptidomimetic structures are the frequent focus of
synthetic efforts because they mimic or enhance biologi-
cally relevant properties of proteins, but avoid the normal
metabolic liabilities." Lactam rings have been a common
peptidomimetic target since the seminal work of
Freidinger.'™? +y-Butyro-, d-valero- and e-caprolactam
containing peptidomimetics have been synthesized” with a
variety of techniques to generate conformationally con-
strained peptidomimetics. Subsequent research has demon-
strated a variety of peptidomimetic lactam applications, many
with important biological activity.” Recently, even the smaller
B-lactam peptidomimetic structures have been synthesized
and shown to mimic the B-turn secondary structure and
biological activity of melanostatin.* Peptidomimetic
B-lactams have also shown activity as protease inhibitors.’

Similarly, azapeptides or related derivatives have been used
as peptide surrogates. They usually create structurally
analogous, but metabolically stable peptide mimics, which
retain the biological activity of their peptide analogs.®
Recent reports have demonstrated their unique confor-
mational effects’ and potent enzyme inhibition.®

With the goal of extending our previously described
synthetic process’ to a greater array of peptidomimetic
lactam structures, we focused on demonstrating that the
method would apply to y-butyrolactams, d-valerolactams
and more complex P-lactams. Described herein are

Keywords: Peptidomimetic; Lactams; Azapeptide; Mitsunobu reaction.
* Corresponding author. Tel.: +1 610 526 5016; fax: +1 610 526 5086;
e-mail: wmalacho@brynmawr.edu

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.08.029

successful strategies to accomplish this goal. The results
demonstrate the utility of the intramolecular Mitsunobu
reaction of acyl hydrazides for the synthesis of peptidomi-
metic structures containing a variety of lactam rings
embedded in the peptide backbone.

2. Results and discussion

2.1. Azapeptidomimetic quaternary B-lactams

Recent research from Palomo and co-workers® has shown
the utility of a-alkyl-a-amino-B-lactam peptidomimetics,
which contain a quaternary carbon at C-3 of the $-lactam. Use
of an a-alkyl-serine derivative with our previously reported
method” would permit the efficient synthesis of structurally
related azapeptidomimetic lactams. We chose to demonstrate
this process with a-benzyl-serine, as the aromatic side chain
would facilitate chromatographic methods.

A retrosynthetic analysis of B-lactam 1 (Scheme 1) begins
with the cyclization of acyl hydrazide 2 under Mitsunobu

O Me 0 Me
|
R1HN N_ oBn R4HN _N_ _OBn
N [—— b T
0 o}
Ph 1 Ph OH 2
o o CHs
R1HN\)L RqHN N_ _OBn
{ e 3 ' N
/
Ph Ph OH

Scheme 1. Retrosynthetic analysis for azapeptidomimetic quaternary
lactams.
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conditions. The acyl hydrazide could be obtained by
coupling a-benzyl-serine derivative 3 and azaalanine
derivative 4. Compound 3 could be prepared by hydroxy-
methylation of N-protected phenylalanine ethyl ester 5. The
benzyl ester of azaalanine 4 could arise from the reaction
between methyl hydrazine and benzyl chloroformate.

The o-benzyl-serine derivative 3 was synthesized via
modification of a reported a-hydroxymethylation protocol
(Scheme 2).'"® N-Benzylidene-phenylalanine ethyl ester 7
was prepared by the reaction of phenylalanine ethyl ester 6
with benzaldehyde. Hydroxymethylation of 7 occurred by
deprotonation with lithium diisopropylamide (LDA) and
reaction of the resulting enolate with sublimed formal-
dehyde. The hydrolytically labile imine group made
purification difficult, so the crude product was immediately
hydrolyzed to the c-benzyl serine ethyl ester 9 with 1 N
HCI. The hydrophilic nature of 9 also made purification
difficult, so the most effective procedure was to immediately
protect the amine of 9 as a tert-butoxycarbonyl (Boc)
carbamate. Isolation and purification of 10 was more easily
accomplished and the three step process afforded 10 in 53%
yield. Finally, hydrolysis of the ethyl ester with lithium
hydroxide in ethanol and water gave N-Boc-a-benzyl-serine 3.

o
HN \)L __PhCHO _pp JJ\
2 OEt A okt

Et3N MgSO4 =
/6 9% /
Ph (96%) PH
1) LDA, THF
2) HCHO
o] o)
HoN Ph N
2 {ikoa N HCI Vg{\)a
h OH® Ph OH 8
(53% for
3 steps) Boc0
o] o)
BocHN i BocHN
ogt _ HOH C OH
10 (78%) 3
Ph OH Ph OH

Scheme 2. Synthesis of a-benzyl-serine derivative 3.

The benzyl ester of azaalanine 4 (Scheme 1) was
synthesized from methyl hydrazine and benzyl chloro-
formate as previously described.” In our earlier report,
2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline (EEDQ)
was determined to be the most efficient coupling agent for
joining azaalanine and serine derivatives. However,
attempts to couple the weakly nucleophilic azaalanine
with the more hindered serine derivative 3 proved
unsucccessful. After screening a variety of coupling agents,
the best, albeit modest, yield was obtained by employing
O-(benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate (HATU), which afforded the desired
hydrazide 2 in 38% yield (Scheme 3).

Unsatisfied with a modest coupling yield, we explored an
alternative approach, which activated the acid group to
nucleophilic acyl substitution via a B-lactone. Over the last
decade, B-lactone derivatives have been elegantly exploited

o] 0o
HN
Boc oH 4 BocHN \[\/OBn
HATU, Et;N, DMF H
h OH -E6N, Ph OH
3 (38%) 9

Scheme 3. Coupling of 3 and 4.

as versatile intermediates.'’ The work of Vederas'? has
permitted the efficient synthesis of B-lactones from serine,
however, the vast majority of recent reports with serine
B-lactones have focused on reactions at the [3v—carbon.12’13
Although there are a few reports that describe reactions at
the carbonyl,14 to the best of our knowledge, there are no
reports that describe B-lactones as useful acylating agents

for the synthesis of hindered peptides.'”

Nevertheless, we converted 3 into the corresponding
B-lactone 11 (Scheme 4) using triphenylphosphine (Ph;P)
and diethyl azodicarboxylate (DEAD) in 72% yield."?
Although no reaction occurred when the B-lactone was
combined with 4, pre-activation of 4 by reaction with
trimethyl aluminum afforded a dimethylaluminum-hydra-
zide complex, which efficiently reacted at the acyl group of
B-lactone 11 to afford a 68% yield of the desired azapeptide 2.

9 o
BocHN
*© OH _ Phsp,DEAD _BocHN_ X |
(72%)
Ph OH o 1
3
4 | AMes
(68%)
O I\I/Ie O Me
BOCH%,N\H/OBn phyp BoCHN \n/oan
1 0 DEAD 2
Ph Ph OH

(85%)

Scheme 4. Synthesis of azadipeptide pB-lactam 1.

With an improved procedure for the synthesis of the serine-
azaalanine derivative, 2 was then subjected to Mitsunobu
conditions (Ph;P, DEAD) to afford the desired C-3 benzyl
B-lactam azapeptidomimetic 1 in high yield. Elaboration of
the azapeptide on the amino and carboxy terminal ends
mirrored procedures already described’ with the exception
that the more active coupling agent HATU was used to
couple at the hindered amino group to make 12 (Scheme 5).
The tetrapeptidomimetic 13 was synthesized in an overall
yield of 11% from 6 with the longest linear sequence being
12 steps. This process could be made stereoselective if
asymmetric methods of a-alkyl-serine synthesis were
applied.'®

2.2. Azapeptidomimetic y-butyrolactams and
d-valerolactams

A unified strategy for the synthesis of larger lactams was
envisioned in the retrosynthetic plan shown in Scheme 6.
Briefly, homologues of serine 16 would be coupled with
azaamino acids 4 and the product 15 subjected to Mitsunobu
conditions to afford the azapeptidomimetic lactams 14. The
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O Me
|
BocHN N 0Bn 1) SMHCVEtOAC  N.Ag-Ala-HN OBn
\c[>I/ 2) N-Ac-Ala, HATU I
pr 1 EtsN, DMF
(60%)
1) Hp, PA/C
2) ocN \/COQMe
FBu (83%)

N-Ac-Ala-HN NH-Leu-OMe

l\llle
N
N
(e}
Ph 13

Scheme 5. Elaboration of 1 to a tetrapeptidomimetic B-lactam.
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o l\llle 0} I\Ille
RHN\)L N o R1HN\)L N. _OBn
1 y NG jgo n|:> N jg
(3

n=1or 2
14

Scheme 6. Retrosynthetic plan for azapeptidomimetic y-butyrolactams and
d-valerolactams.

plan called for selective reduction of the side chain
carboxylic acid in aspartic and glutamic acid to afford the
homologated serine derivatives 16.

Synthesis of the homologated serine derivatives began with
reduction of the commercially available a-benzyl N-fert-
butoxycarbonyl-aspartic acid (Boc-Asp-OBn) and a-benzyl
N-(tert)-butoxycarbonyl-glutamic acid (Boc-Glu-OBn). A
modified mixed anhydride/NaBH, reduction procedure'’
provided alcohols 16 and 17 (Scheme 7) in 99% yield along
with some minor contaminant. Protection of the alcohol in
16 and 17 was necessary to avoid side reactions such as
competing lactonization. Selective deprotection under
hydrogenation conditions (Pd/C/H,) afforded the free
acids 20 and 21 in 96 and 95% yield, respectively.

Coupling of the homologated serine derivatives 20 and 21
with benzyl azaalanine 4 was best accomplished with N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide (EDC) to
afford the azadipeptidomimetic structures 22 and 23 in 60
and 77% yield, respectively. EEDQ coupling was
unsatisfactory because the quinoline side product was
difficult to separate from 22 and 23. Tetrabutylammonium
fluoride (TBAF) mediated deprotection of 22 and 23
provided the alcohol substrates (24 and 25) for the
lactamization process.

A slight modification to the Mitsunobu conditions used for
B-lactam synthesis was required to provide optimized yields

Q o)
Boc-HN !
oBn 1)iBCF, NMm.THE BOHNG A o

n(=\)\I¢O 2) NaBHz, MeOH n(5
OH

16 (n=1, 99%)
OH 17 (n=2, 99%)

TBSCI,
4-DMAP, EtsN

o

Ho. P Boc-HN
# Y’ OBn

Boc-HN\)L
18 (n=1, 76%)

it - 9%6%) (3
\)l n—2 95%) n 19 (n=2, 73%)
TBS OTBS

EDC, E"b
4-DMAP N__0OBn
HoN \ﬂ/
o}

o 'Yle Me
Boc—HN\)LN,N OBn  TgAF BOCHN\)L NEOBH

. H Y
& 0 §

n 24 (n=1, 92%)

OTBS H 25(n=2, 89%)

22 (n=1, 60%)

23 (n=2, 77%) Ph3P, DBAD

Boc-HN JL N OBn
26 (n=1, 84%)

27 (n=2, 82%)

Scheme 7. Synthesis of azapeptidomimetic y-butyrolactams and &-
valerolactams.

of the larger lactam rings. One important side reaction that
occurred in the y-butyrolactam synthesis was a competing
intermolecular substitution reaction by the reduced azo
dicarboxylate side product.'® To reduce the intermolecular
reaction, azadipeptide concentration was reduced and the
temperature was lowered to 0 °C. In addition, the phosphine
was combined with the azodicarboxylate and activated prior
to introduction of the azadipeptidomimetics 24 and 25. The
modified Mitsunobu conditions afforded the y-butyrolactam
26 and the d-valerolactam 27 in 84 and 82%, respectively.
Extension of the y-butyrolactam and 3-valerolactam in the
manner shown for 1 in Scheme 5 was successfully
accomplished with the methods previously described.”
Preliminary experiments to form seven or eight member
ring azapeptidomimetic lactams have not met with success.

3. Conclusion

Mitsunobu conditions have been successfully applied to the
synthesis of three more azapeptidomimetic lactams. The
synthesis of a sterically demanding B-lactam azadipeptido-
mimetic, a y-butyrolactam and a d-valerolactam illustrate
the versatility of the reported method for the synthesis of
peptidomimetic structures with a constraining lactam ring.
The reactions described here and in the previous
publication’ demonstrate the ability to create pepti-
domimetic lactam scaffolds with variations at every peptide
residue. Previously reported methods™* have not demon-
strated similar versatility.
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4. Experimental
4.1. General

Unless otherwise stated, all air- or moisture-sensitive
reactions were performed with magnetic stirring in flame-
dried glassware under an argon atmosphere using dry,
distilled solvents. Tetrahydrofuran (THF) and dichloro-
methane (CH,Cl,) were dried over microwave-activated
4 A molecular sieves (beads, 8—12 mesh). Triethylamine
(EtzN) was distilled from calcium hydride. All other
commercially obtained reagents were used as received.
All reactions were monitored by thin-layer chromatography
(TLC) using precoated 250 micron softlayer silica gel GF
uniplates (Analtech). TLC plates were visualized with UV
light (254 nm), ninhydrin, potassium permanganate, or
ammonium molybdate sprays. Flash chromatography was
performed with the indicated solvent system using 60 A
(230-400 mesh, particle size 0.040-0.063 mm) normal
phase silica gel. ‘Concentrated’ refers to the removal of
solvent with a rotary evaporator at normal water aspirator
pressure followed by further evacuation with a two-stage
mechanical pump unless otherwise indicated. Yields refer to
chromatographically and spectroscopically pure com-
pounds, except as otherwise indicated. All new compounds
were determined to be >95% pure by NMR, HPLC, GC or
elemental analysis as indicated (see Supplementary
materials). All melting points were determined with an
open capillary. "H and '>C NMR spectra were recorded at
300 and 75 MHz, respectively. Chemical shifts were
reported in 0 values relative to tetramethylsilane in 'H
NMR standard and the solvent peak in '>C NMR. Peak
splitting patterns in the NMR are reported as follows: s,
singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br,
broad. GC analyses were performed with an EI-MS detector
fitted with a 30 m < 0.25 mm column filled with crosslinked
5% PH ME siloxane (0.25 um film thickness); gas pressure:
7.63 psi He. The method for analysis of all samples involved
heating from 70 to 250 °C (10 °C/min), then from 250 to
260 °C (2 °C/min) and finally holding at 260 °C for 2 min.
HPLC analyses were performed with an RID and UV
detector at 254 nm fitted with a 5 p silica gel column (250X
4.6 mm); eluted with 90:10 n-hexane/IPA at 1 mL/min.
Elemental analyses were conducted by QTI, Whitehouse,
NJ.

4.1.1. N-Benzylidene-L-phenylalanine ethyl ester (7). To
a solution of phenylalanine ethyl ester hydrochloride salt 1
(2.88 g, 12.5mmol) in CH,Cl, (40 mL), triethylamine
(5.5 mL) and benzaldehyde (1.32 mL, 13 mmol), anhydrous
magnesium sulfate (7 g) was added at room temperature.
The mixture was stirred overnight. The resulting mixture
was filtered and the filtrate was concentrated to white solid.
The product was partitioned between ether (50 mL) and
water (100 mL), and the aqueous layer extracted with ether
(2X50 mL). The combined ether layers were dried over
anhydrous MgSO,, filtered and concentrated to give
benzylidene phenylalanine ethyl ester 7 (3.35 g, 96%) as
colorless oil, which was used without further purification.
The product matched the spectroscopic data for the same
compound already reported in the literature.'®

4.1.2. N-Boc-a-benzyl-serine ethyl ester (10). To a cold

(—78°C) solution of diisopropylamine (6.53 mL,
49.8 mmol) in THF (15 mL), butyllithium (1.6 M in hexane,
31.1 mL, 49.8 mmol) was added dropwise and the mixture
was stirred at —78 °C for 30 min. To the LDA in THF was
then added dropwise a solution of 7 (13.1 g, 46.6 mmol) in
THF (50 mL). The mixture was stirred at —78 °C for
30 min and then warmed to 0°C. Formaldehyde gas
[prepared from paraformaldehyde (7.0 g) by heating at
180 °C] was introduced by a stream of nitrogen during a
30 min period. The reaction mixture was then warmed to
room temperature and stirred for an hour. The reaction was
partitioned between ice-cold ammonium chloride solution
(100 mL) and ether (100 mL) and separated. The aqueous
layer was extracted with ether and the combined organic
layers were dried over anhydrous MgSQO,, and concentrated
under reduced pressure to give an orange oil 8 (12.6 g
crude).

The residue from the hydroxymethylation reaction was
treated with 1 N hydrochloric acid solution (70 mL) and
stirred for 30 min. The aqueous layer was separated from
the orange organic layer and washed with CH,Cl, (10 mL).
The aqueous layer was saturated with sodium hydrogen
carbonate to pH~8. CH,Cl, (100 mL) was added to the
solution, followed by tert-butyl dicarbonate (9.20 g,
42.2 mmol). The mixture was stirred for 4 h and separated.
The organic layer was washed with saturated NaCl solution,
dried over anhydrous MgSO,, and concentrated. The
residue was purified by silica gel column chromatography
(eluted with hexane/EtOAc 3:1) to give 10 (8.0 g, three
steps 53%) as a colorless oil. "H NMR (CDCl;) 6 7.22 (m,
3H), 7.08 (m, 2H), 5.39 (s, 1H), 4.18 (m, 3H), 3.86 (d, J=
11.2 Hz, 1H), 3.42 (s, br, 1H), 3.37 (d, J=13.6 Hz, 1H),
3.10 (d, J=12.6 Hz, 1H), 1.46 (s, 9H), 1.20 (t, J=6.9 Hz,
3H). °C NMR (CDCl3) 6 171.2, 154.4, 134.6, 129.3, 129.2,
127.6, 126.3, 79.3, 65.3, 64.8, 61.2, 36.9, 27.6, 13.3. IR
(CH,Cl,) 3600-2500, 1706, 1498, 1162cm~'. HRMS
caled for C;,H,sNOs+Na 346.1630, found 346.1628.

4.1.3. N-Boc-a-benzyl-serine (3). To a cold (0 °C) solution
of ester 10 (2.43 g, 7.5 mmol) in ethanol (30 mL), lithium
hydroxide monohydrate (0.6 g, 14.3 mmol) in water
(20 mL) was added. The mixture was then warmed to
room temperature and stirred for 4 h. After concentration,
the residue was partitioned between water and ether. The
water layer was washed with ether twice, then acidified with
1 M HCI and extracted with CH,Cl,. The organic layer was
washed with saturated NaCl solution, dried over anhydrous
MgSO, and concentrated to give 3 (1.73 g, 78% yield) as a
yellow oil. '"H NMR (CDCl3) 6 7.44 (m, br, 2H), 7.16 (m,
3H), 7.05 (m, 2H), 5.35 (s, 1H), 4.12 (d, J=11.4 Hz, 1H),
3.87(d,J=11.1 Hz, 1H), 3.26 (d, J=13.6 Hz, 1H), 3.04 (d,
J=13.6 Hz, 1H), 1.38 (s, 9H). '*C NMR (CDCl;) 6 174.3,
155.0, 134.4, 129.4, 127.9, 126.6, 79.9, 64.8, 36.6, 27.7. IR
(CDCls) 3415, 2982, 1706, 1498 cm ™~ '. HRMS calcd for
C,5sH,NOs+Na*318.1317, found 318.1327.

4.1.4. N-Boc-a-amino-o-benzyl-B-lactone (11). To a cold
(—78°C) solution of triphenylphosphine (2.86 g,
10.9 mmol) in THF (70 mL), diethyl azodicarboxylate
(DEAD) (1.72 mL, 10.9 mmol) was added dropwise over
5 min. The solution was stirred at —78 °C for 10 min. A
solution of 3 (3.07 g, 10.4 mmol) in THF (15 mL), which
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was then added dropwise to the mixture over 30 min. After
complete addition, the mixture was stirred at —78 °C for
20 min. The mixture was then slowly warmed to room
temperature overnight. The reaction solution was concen-
trated. The residue was purified by silica gel column
chromatography (eluted with hexane/EtOAc 3:1-1:1) to
give 11 (2.06 g, 72%) as white crystals, which could be
recrystallized from EtOAc/hexane, mp=139-140 °C. R;=
0.43 (3:1 hexane/EtOAc). '"H NMR (CDCl3) 6 7.40-7.23
(m, 5H), 4.99 (s, 1H), 4.66 (s, 1H), 4.31 (d, J=5.0 Hz, 1H),
3.26 (d, J=14.2 Hz, 1H), 3.26 (d, /=14.2 Hz, 1H), 1.44 (s,
4H). "*C NMR (CDCls) 6 171.3, 154.4, 133.5, 130.1, 129.5,
129.4, 128.3, 81.7, 70.5, 70.2, 39.5, 28.2. IR (CDCl;) 3435,
1838, 1717 cm ™~ ! Anal. Calcd for CisHoNOy: C,64.97; H,
6.91; N, 5.05. Found C, 64.82; H, 7.11; N, 5.07.

4.1.5. Benzyl N-(tert-butoxycarbonyl)-oc-benzgl-serine-
azaalanine (2). To a solution of hydrazine 4~ (2.10 g,
11.7 mmol) in CH,Cl, (4 mL), trimethyl aluminum (2.0 M
in toluene, 5.83 mL, 11.7 mmol) was added dropwise and
stirred at room temperature for 1 h. B-Lactone 11 (1.10 g,
4.66 mmol) in CH,Cl, (4 mL) was added to the mixture and
stirred overnight. The mixture was quenched with pH 7
phosphate buffer and extracted with CH,Cl,. The organic
extracts were combined, dried over anhydrous MgSO, and
concentrated. The residue was purified by silica gel column
chromatography (eluted with hexane/EtOAc 1:1-2:1) to
give 9 (1.4 g, 68%) as colorless crystal. "H NMR (CDCl5) 6
8.9 (m, br, 1H), 7.20 (m, 10H), 5.59 (s, 1H), 5.13 (q, J=
12.0 Hz, 2H), 4.61 (s, br, 1H), 3.78 (s, br, 1H), 3.41 (s, br,
2H), 3.22 (s, 4H), 1.40 (s, 9H). '*C NMR (CDCl3) 6 173,
157.7, 155.5, 136.0, 130.9, 128.6, 80.5, 68.7, 66.7, 63.7,
38.4,36.3, 28.6. IR (CDCls) 3407, 2981, 1715, 1694 cm ™.

4.1.6. 1-[(N-Methyl,N-benzyloxycarbonyl)-amino]-3-
benzyl-3-[(tert-butoxycarbonyl)-amino]-2-azetidinone
(1). Triphenylphosphine (1.25 g, 4.78 mmol) was added to a
solution of 2 (2.08 g, 4.55 mmol) in THF (40 mL) and
stirred for 3 min. Diethyl azodicarboxylate (DEAD)
(0.753 mL, 4.78 mmol) was added in three portions over
15 min. The mixture was stirred overnight and concentrated.
The residue was purified by silica gel column chromato-
graphy (eluted with hexane/EtOAc 3:1) to give 1 (1.7 g,
85%) as white crystals, mp=115-116°C. 'H NMR
(CDCl3) 6 7.22 (m, 10H), 5.12 (s, 2H), 4.99 (s, 1H), 3.83
(s, 2H), 3.61 (s, 1H), 3.15 (s, 2H), 2.95 (s, 3H), 1.43 (s, 9H).
3C NMR (CDCl3) 6 166.5, 154.8, 154.2, 135.5, 134.7,
130.0, 128.5, 128.3, 127.9, 127.2, 80.4, 68.3, 65.5, 54.4,
39.1,35.5,28.2. IR (CDCls) cm ™ ': 3431, 2981, 1784, 1716.
Anal. Calcd for C,4H,9N3O05: C, 65.59; H, 6.65; N, 9.56.
Found C, 65.38; H, 6.74; N, 9.42.

4.1.7. 1-[(N-Methyl,N-benzyloxycarbonyl)-amino]-3-
benzyl-3-[(N-acetyl-L-alanine)amino]-2-azetidinone
(12). To a cold (0 °C) solution of 3 N HCI/EtOAc (15 mL),
B-lactam 1 (1.46 g, 3.32 mmol) was added and the reaction
was stirred, while slowly warming to room temperature.
After 1.5 h, the reaction was stopped and concentrated in
vacuo. Reconcentration from CHCl; gave 1.6 g crude 12 as
the hydrochloride salt. "H NMR (CD;0D) 6 9.40 (br s, 2H),
7.26 (m, 10H), 4.93 (q, J=12, 16.8, 12.0 Hz, 2H), 4.17 (s,
1H), 3.67 (s, 1H), 3.48 (br s, 2H), 2.92 (s, 3H). Crude 12
(1.6 g), N-acetyl-L-alanine (0.48 g, 3.65 mmol) and HATU

(1.26 g, 3.32 mmol) were dissolved in DMF (15 mL). The
mixture was cooled to 0°C and treated with Et;N
(0.925 mL, 6.64 mmol). Stirring was continued in the ice
bath for 1 h and then the reaction was warmed to room
temperature and stirred overnight. The reaction was diluted
with H,O (30 mL), extracted with ethyl acetate (4 X 10 mL),
The combined organic layers were washed with 1 N HCl
2X10mL), 5% NaHCO; (2X10mL), brine (10 mL),
anhydrous MgSO, and concentrated. The residue was
purified by silica gel column chromatography (eluted with
5% MeOH/CH,Cl,) to give 12 (0.9 g, 60%) as an oil. The
oil was crystallized in cold EtOAc to a white solid, mp=
174-178 °C. 'H NMR (CDCl3) 6 7.25 (m, 10H), 6.90 (d,
rotamer, 1H), 6.15 (d, rotamer, 1H), 5.10 (q, /J=19.2,
12.0 Hz, 2H), 4.42 (q, J=15, 7.2 Hz, 1H), 3.86 (br s, 1H),
3.61 (brs, 1H), 3.12 (br s, 2H), 3.01 (s, rotamer, 2H), 2.88 (s,
rotamer, 1H), 1.94 (s, 3H), 1.27 (d, J=7.2 Hz, 3H). B3¢
NMR (CDCl3) ¢ 172.7, 170.7, 155.4, 136.0, 134.7, 129.0,
127.9, 68.8, 65.9, 54.2, 49.0, 39.2, 35.7, 234, 18.2. IR
(CDCls) 3428, 3052, 2988, 1788, 1721, 1687, 1421,
1264 cm~'. HRMS caled for C,o4H,3N4,O5 +
Na*475.1957, found 475.1971.

4.1.8. 1-[(N-Methyl)-amino]-3-benzyl-3-[(N-acetyl-L-ala-
nine)amino]-2-azetidinone. p-Lactam 12 (0.45¢g,
0.99 mmol) was dissolved in methanol (10 mL) at room
temperature under nitrogen, and Pd/C (4.5 mg) was added to
the solution. The reaction atmosphere was purged with H,,
stirring for 30 min. The reaction material was filtered
through Celite and concentrated to a white solid (0.30 g,
95%), which was used immediately without further
purification. '"H NMR (CD50D) 6 7.26 (m, 5H), 4.31 (m,
1H), 3.60 (dd, J=4.8, 2.4 Hz, 1H), 3.50 (dd, J=13.2,
5.1 Hz, 1H), 3.13 (d, /=7.2 Hz, 2H), 2.16 (d, J=18.6 Hz,
3H), 1.95 (s, 3H), 1.30 (dd, J=9.9, 7.2 Hz, 3H). °C NMR
(CDCl3) 0 175.5, 173.6, 169.3, 136.2, 132.1, 130.0, 128.8,
66.5, 53.8, 52.9, 36.0, 23.0, 18.5. IR (CDCl3) 3295, 3294,
1752, 1654, 1542 cm ™"

4.1.9. 1-[[N-Methyl,N-carbonyl-L-(methylleucyl)]-
amino]-3-benzyl-3-[(N-acetyl-L-alanine)amino]-2-aze-
tidinone (13). 1-[(N-Methyl)-amino]-3-benzyl-3-[(N-
acetyl-L-alanine)amino]-2-azetidinone (0.30 g, 0.94 mmol)
was dissolved in a mixture of dry CH,Cl, (8 mL) and DMF
(5 mL), and cooled to 0 °C under N,. Leucine isocyanate,
methyl ester'” (0.34 g, 2 mmol) was added as a CH,Cl,
solution (4 mL). N,N-diisopropylethylamine (0.44 mL,
2.5 mmol) was added 2 min later. The solution was stirred
and allowed to slowly warm to room temperature. After
20 h, the reaction was quenched with 10% citric acid
(I5mL) and extracted with EtOAc (2X15 mL). The
organic layer was washed with 10% citric acid (1X
10 mL), H,O (1 X 10 mL), brine (1X10 mL), dried over
anhydrous MgSQO, and concentrated to give crude white wet
crystals (0.48 g). The residue was purified by silica gel
column chromatography (5% MeOH/CH,Cl,) to give 13
(0.40 g, 87%) as an oil. The oil was crystallized in EtOAc/
hexanes, mp=155-158 °C. '"H NMR (CDCl5) as rotamers 6
7.84 (s, 0.5H), 7.74 (s, 0.5H), 7.32 (m, 5H), 4.57 (dt, J="7.2,
2.7Hz, 1H), 4.40 (m, 0.5H), 4.29 (m, 0.5H), 3.91 (d, J=
5.1 Hz, 0.5H), 3.80 (d, J=5.1 Hz, 0.5H), 3.66 (s, 3H), 3.55
(dd, J=17.5,5.1 Hz, 1H), 3.24 (t, J=13.8 Hz, 1H), 3.04 (dd,
J=13.5, 7.8 Hz, 1H), 2.38 (d, /J=12.9 Hz, 3H), 2.00 (d,
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J=5.7Hz, 3H), 1.75 (m, 1H), 1.60 (m, 2H), 1.35 (t, J=
6.9 Hz, 3H), 0.87 (m, 6H). '>*C NMR (CDCl;) as rotamers &
175.0, 174.3, 173.1, 172.8, 171.5, 170.8, 167.5, 167.0,
157.3, 133.0, 130.9, 129.0, 128.2, 66.0, 52.8, 52.5, 52.3,
52.2, 50.9, 50.8, 49.0, 48.8, 40.7, 40.2, 38.5, 38.4, 36.8,
25.1,24.8,23.4,23.3,21.7, 21.6, 18.0, 17.3. IR (neat) 3293,
2958, 1787, 1753, 1654, 1551 cm™'. HRMS caled for
C,4H;35N506+Na™512.2486, found 512.2490.

4.1.10. (2S5)-2-tert-Butoxycarbonylamino-4-hydroxy-
butyric acid benzyl ester (16). Boc-Asp-OBn (3.00 g,
9.28 mmol) was dissolved in dry THF (46 mL) and cooled
to — 15 °C. 4-Methylmorpholine (1.02 mL, 9.28 mmol) was
added, followed by dropwise addition of isobutyl chloro-
formate (1.20 mL, 9.28 mmol) to give a white suspension,
which was stirred for 10 min. Sodium borohydride (1.05 g,
27.8 mmol) was added, followed by dropwise addition of
anhydrous MeOH (93 mL) through a pressure-equalized
dropping funnel, which lead to gaseous evolution. The
reaction was stirred an additional 10 min after the MeOH
addition, and 1M aqueous HCI (18.6 mL) was added
dropwise. The reaction was concentrated and the remaining
crude mixture was extracted with EtOAc (3 X65 mL), and
the combined organic layers were washed with 1 M HCI
(1X37mL), H,O (2X45 mL), 5% NaHCOj; (1X46 mL),
H,O (3X45mL), and dried over Na,SO,. The crude
product was concentrated and purified by flash chromato-
graphy (3:7-1:1 EtOAc/Hexanes). Compound 16 was
isolated as a clear, colorless viscous oil in 99.4% yield
(2.85 g) with some minor contamination clearly visible in
"H and '>C NMR. The product matched the spectroscopic
data for the same compound already reported in the
literature.?’

4.1.11. (2S5)-2-tert-Butoxycarbonylamino-5-hydroxy-
pentanoic acid benzyl ester (17). Reaction procedure
identical to 16 except Boc-Glu-OBn was used. Column
chromatography provided a clear, colorless viscous oil in
98.6% yield with some minor contamination clearly visible
in "H and "*C NMR. The product matched the spectroscopic
data for the same compound already reported in the
literature.**!

4.1.12. (25)-2-tert-Butoxycarbonylamino-4-(tert-butyl-
dimethyl-silanyloxy)-butyric acid benzyl ester (18). To
a solution of 16 (2.77 g, 8.94 mmol) in 25 mL dry CH,Cl,,
was added Et;N (1.49 mL, 10.7 mmol), 4-DMAP (54.6 mg,
0.45 mmol), and TBDMS-CI (1.48 g, 9.83 mmol) to give a
clear, colorless solution, which was stirred overnight. The
colorless suspension was then washed with H,O (1 X4 mL),
saturated aqueous NH4Cl (1X4 mL), and dried over
Na,SO,. The organic layer was concentrated and purified
by flash chromatography (1:4 EtOAc/Hexanes) to afford a
clear, colorless oil in 76% yield. '"HNMR (CDCl5) 6 7.35 (s,
5H), 5.73 (brs, 1H), 5.18 (q, J=15.6, 12.4 Hz, 2H), 4.43 (br
s, 1H), 3.75-3.60 (m, 2H), 2.15-1.85 (m, 2H), 1.43 (s, 9H),
0.90 (s, 9H), 0.04 (s, 6H). '*C NMR (CDCl5) 6 172.57, 155,
135.88, 128.71, 128.44, 128.38, 79.64, 67.00, 60.36, 52.76,
33.96, 28.51, 26.04, 18.32, —5.43, —5.47. IR (CH,Cl,)
3409, 2957, 2931, 2858, 1720 cm ' GC: room temperature
17.49 min. HRMS calcd for C,,H37NO5Si+ Na*446.2339,
found 446.2345.

4.1.13. (25)-2-tert-Butoxycarbonylamino-5-(tert-butyl-
dimethyl-silanyloxy)-pentanoic acid benzyl ester (19).
Reaction procedure identical to 18 except 17 was used as the
starting material. Column chromatography provided a clear,
colorless oil in 72.7% yield. 'H NMR (CDCl3) 6 7.35 (s,
5H), 5.30-5.10 (m, 3H), 4.35 (br s, 1H), 3.70-3.50 (m, 2H),
2.00-1.50 (m, 4H), 1.44 (s, 9), 0.89 (s, 9H), 0.04 (s, 6H). °C
NMR (CDCl3) 6 172.90, 155, 135.74, 128.76, 128.52,
128.40, 80, 67.10, 62.48, 53.59, 29.30, 28.63, 28.53, 26.13,
18.49, —5.16. IR (CH,Cl,) 3361, 2956, 2930, 2887, 2858,
1718 cm ™ '. GC: room temperature 18.32 min. HRMS calcd
for C,3H3oNOsSi+Na™460.2495, found 460.2494.

4.1.14. 2-tert-Butoxycarbonylamino-4-(tert-butyl-
dimethyl-silanyloxy)-butyric acid (20). To a solution of
18 (2.82 g, 6.65 mmol) in MeOH (12 mL) was added 0.28 g
10% Pd/C to give a black suspension, which was evacuated
and flushed with hydrogen three times before being stirred
under hydrogen for 5h. The black suspension was
evacuated and flushed with argon, filtered through a pad
of Celite and concentrated to give a clear, colorless viscous
oil in 95.9% P/ield (2.13 g), which was used without further
purification. ' H NMR (CDCl5) 6 8.47 (br s, 1H), 5.85 (br s,
1H), 4.33 (br s, 1H), 2.20-1.90 (m, 2H), 1.44 (s, 9H), 0.91
(s, 9H), 0.07 (s, 6H). '*C NMR (CDCl5) ¢ 175.73, 155.88,
81.04, 66.16, 50.63, 45.65, 31.04, 28.72, 28.66, 26.19,
26.04, 8.86. IR (CH,Cl,) 3409, 2931, 1686 cm ™.

4.1.15. (25)-2-tert-Butoxycarbonylamino-5-(fert-butyl-
dimethyl-silanyloxy)-pentanoic acid (21). Reaction pro-
cedure identical to 20 except 19 was used and a clear,
colorless viscous oil was obtained in 95.1% yield, which
was used without further purification. '"H NMR (CDCl5) 6
10.10 (br's, 1H), 5.31 (br's, 1H), 4.29 (br s, 1H), 3.66 (t, J=
5.9 Hz, 2H), 2.00-1.55 (m, 4H), 1.45 (s, 9H), 0.90 (s, 9H),
0.06 (s, 6H). >*C NMR (CDCls) 6 156.29, 80.56, 67, 63.07,
53.64, 28.63, 26.03, 25.87, 18.75, 18.37, 17.98, —3.21,
—4.95, —4.99. IR (CH,Cl,) 3345, 2931, 2859, 1715 cm ™~ .
HRMS caled for C;¢H;33NO5Si+Nat370.2026, found
370.2038.

4.1.16. (2S)-N’-[2-tert-Butoxycarbonylamino-4-(tert-
butyl-dimethyl-silanyloxy)-butyryl]-N-methyl-hydra-
zinecarboxylic acid benzyl ester (22). To a solution of 20
(2.13 g,6.39 mmol) in 17.0 mL dry CH,Cl, at — 15 °C were
added 4° (1.10 g, 6.09 mmol) in 6.50 mL, dry CH,Cl,, EDC
(1.40 g, 7.30 mmol), and 4-DMAP (0.82 g, 6.69 mmol) to
give a light buff suspension, which was allowed to warm to
room temperature overnight. The clear, light buff solution
was washed with H,O (1 X4 mL), brine (1X4 mL), and
dried over Na,SQy. The organic layer was concentrated and
purified by flash chromatography (1:4-1:1 EtOAc/Hexanes)
to afford a clear, colorless viscous oil in 60.0% yield
(1.81 g). "H NMR (CDCl5) 6 8.58 (br s, 1H), 7.32 (s, 5H),
5.87 (br s, 1H), 5.25-5.00 (m, 2H), 4.24 (br s, 1H), 4.00-
3.50 (br m, 2H), 3.19 (s, 3H), 1.92 (br s, 2H), 1.42 (s, 9H),
0.90 (s, 9H), 0.05 (s, 6H). '*C NMR (CDCl;) 6 171, 156.15,
136, 128.66, 128.36, 128.21, 80, 68.23, 61.06, 52, 37, 34,
28.48, 26.02, 18.24, —5.38, —5.46. IR (CH,Cl,) 3314,
2956, 2930, 1694 cm™ . GC: room temperature 15.77 min.
HRMS caled for C,sHyN3O4Si+Na™518.2662, found
518.2679.
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4.1.17. (2S)-N'-[2-tert-Butoxycarbonylamino-5-(tert-
butyl-dimethyl-silanyloxy)-pentanoyl]-N-methyl-hydra-
zinecarboxylic acid benzyl ester (23). Reaction procedure
identical to 22 except 21 was used. Purification by flash
chromatography provided a clear, colorless viscous oil in
76.9% yield. '"H NMR (CDCl5) 6 8.53 (br s, 1H), 7.26 (s,
5H), 4.95-5.40 (m, 3H), 4.13 (brs, 1H), 3.56 (br s, 2H), 3.18
(s, 3H), 1.50-2.00 (m, 4H), 1.42 (s, 9H), 0.89 (s, 9H), 0.06
(s, 6H). ’C NMR (CDCl3) 6 171, 156.34, 156.17, 136.35,
128.87, 128.59, 128.51, 80.60, 68.48, 63.43, 52.86, 29.49,
28.70, 28.37, 26.37, 18.75, 1.42, —4.93, —5.02. IR
(CH,Cl,) 3293, 2955, 2930, 2858, 1680 cm ™~ '. GC: room
temferature 16.67 min. HRMS calcd for C,5H43N304Si+
Na™532.2819, found 532.2837.

4.1.18. (25)-N'-(2-tert-Butoxycarbonylamino-4-hydroxy-
butyryl)-N-methyl-hydrazinecarboxylic acid benzyl
ester (24). To a solution of 22 (1.00 g, 2.02 mmol) in dry
THF (8.1 mL) at —15°C was added TBAF as a 1.0 M
solution in THF (2.06 mL, 2.06 mmol). The reaction was
stirred for 1 h at —15 °C and 30 min at room temperature.
The clear, light brown solution was recooled to 0 °C, and
2 mL aqueous saturated NH4CI were added. This mixture
was diluted to about 50 mL with EtOAc, washed with brine
(1X2 mL), and dried over Na,SO,. The organic layer was
concentrated to a clear, light brown oil, which was purified
by flash chromatography 70% EtOAc/Hexanes to 100%
EtOAc to afford a white foam in 91.5% yield (0.704 g). '"H
NMR (CDCl5) 6 9.45 (br s, 1H), 7.32 (br s, SH), 5.66 (br s,
1H), 5.12 (br s, 2H), 4.40 (br s, 1H), 3.8-3.6 (m, 2H), 3.18
(s, 3H), 1.85 (m, 2H), 1.42 (s, 9H). '3C NMR (CDCl;) ¢
171.96, 171.81, 171.355, 156.92, 156.22, 136.23, 128.91,
128.74, 128.68, 128.45, 125.92, 80.99, 68.58, 58.46, 50.14,
49.80, 38.386, 37.77, 36.59, 30.72, 28.64. IR (CH,Cl,)
3299, 2978, 1688 cm ™ !. HPLC: room temperature
10.86 min. HRMS calcd for C,gH,7N306+Na™404.1798,
found 404.1812.

4.1.19. (25)-N'-(2-tert-Butoxycarbonylamino-5-hydroxy-
pentanoyl)-N-methyl-hydrazinecarboxylic acid benzyl
ester (25). Reaction procedure identical to 24 except 23
was used and a white foam was obtained in 89.0% yield.
Spectral data suggest contamination with hydrate or
TBDMS deprotection byproduct. 'H NMR (CDCl;) 6
9.19, (br s, 1H), 7.32 (br s, SH), 5.75-5.35 (m, 1H), 5.21
(br s, 2H), 4.45-4.15 (br m, 1H), 3.80-3.30 (m, 3H), 2.00-
1.10 (m, 13H). '*C NMR (CDCls) 6 172, 156, 136, 128.91,
128.68, 81, 68.61, 62.69, 52, 37, 30, 28.70, 27.93. IR
(CH,Cl,) 3424, 2978, 1686 cm ™', HPLC: room tempera-
ture 13.47 min. GC: room temperature 14.60 min. HRMS
caled for C oH,oN306+Na™*418.1954, found 418.1964.

4.1.20. (25)-(3-tert-Butoxycarbonylamino-2-oxo-pyrroli-
din-1-yl)-methyl-carbamic acid benzyl ester (26). Tri-
phenylphosphine (0.30 g, 1.15 mmol), DBAD (0.26 g,
1.15 mmol), and anhydrous THF (40 mL) were stirred at
room temperature for 10 min and cooled to 0°C. The
contents of this flask were then cannulated into a solution of
24 (0.400 g, 1.05 mmol) in anhydrous THF (52 mL) at 0 °C,
and the solution was stirred overnight at 0 °C. The clear,
colorless solution was then concentrated and purified by
flash chromatography 3:7-1:1 EtOAc/Hexanes to provide a
colorless glass in 84% yield (0.32 g). "H NMR as rotamers

(CDCl3) 6 7.45-7.25 (m, 5H), 5.3-4.9 (m, 3H), 4.65-4.00
(m, 1.3H), 3.70-3.30 (m, 1.7H), 3.25-3.10 (m, 3H), 2.80—
2.50 (br m, 1H), 2.15-1.80 (m, 1H), 1.45 (s, 9H). '*C NMR
(CDCl3) as rotamers ¢ 171.07, 155.99, 155.31, 137.06,
136.83, 136.11, 129.01, 128.95, 128.83, 128.74, 128.53,
128.37, 128.31, 128.24, 80.57, 70.39, 68.69, 68.07, 67.83,
66.16, 50.85, 50.55, 44.46, 43.99, 43.51, 36.63, 35.84,
35.18, 31.04, 28.96, 28.71, 27.67, 27.36. IR (CH,Cl,) 3348,
2978,1710 cm ™ '. GC: room temperature 18.73 min. EI-MS
mlz (rel int.): 363.10 (0.06, Mt "), 307 (6, M" —56), 172
(11, MT—191), 91 (100,"CH,Ph). HRMS calcd for
C13H,sN305+Na*386.1692, found 386.1681.

4.1.21. (25)-(3-tert-Butoxycarbonylamino-2-oxo-piper-
idin-1-yl)-methyl-carbamic acid benzyl ester (27).
Reaction procedure identical to 26 except 25 was used
and a clear, colorless viscous oil was obtained in 82% yield
(0.16 g). "H NMR (CDCl,) as rotamers 6 7.40~7.20 (m, 5H),
5.45-5.00 (m, 3H), 4.30-3.90 (m, 1H), 3.75-3.35 (m, 2H),
3.20-3.00 (m, 3H), 2.50-2.30 (m, 1H), 2.10-1.55 (m, 3H),
1.45 (m, 9H). '*C NMR (CDCls) as rotamers 6 169, 168,
156, 156.5, 128.73, 128.48, 128.19, 128.14, 127.75, 80,
68.25, 52, 50.5, 50, 39, 38, 36.17, 35.43, 34, 28.52, 27,
21.16, 21, 20. IR (CH,Cl,) 3416, 2976, 1715, 1678 cm ™~ .
GC: room temperature 19.21 min. EI-MS m/z (rel. int.): 377
(0.04, M™ ), 321 (16, M —56), 186 (8, Mt —191), 120
(14, M —257), 91 (100,"CH,Ph). HRMS calcd for
C1oH»7N305+Na t400.1848, found 400.1843.
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Abstract—Resveratrol was treated with several kinds of peroxidases and inorganic reagents so as to prepare e-viniferin. Among several
inorganic reagents, which were investigated in this study, thallium(III) nitrate in methanol gave ( &-)-e-viniferin in the yield of 68%. On the
other hand, peroxidases did not lead to e-viniferin, but some stilbenedimers such as pallidol, resveratrol trans-dehydrodimer, and leachianol

F were obtained.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

There are many oligostilbenes isolated from Vitaceaeous
plants, and they are generated from a stilbene, resveratrol
(1). Some of them are the enantiomers of oligostilbenes
from plants of other families, such as Dipterocarpaceae,
Leguminosae, Cyperaceae, and Gnetaceae.' For instance,
(+)-e-viniferin (2a), a resveratrol dimer, and (+ )-hope-
aphenol (3a), a resveratrol tetramer, are obtained from
Vitaceaeous plants, but their enantiomers (2b and 3b,
respectively), are from plants of other families. It is
estimated that the stereochemistry of the oligostilbenes
from Vitaceaeous plants are initially regulated when two
molecules of resveratrol (1) oxidatively couple to form (+)-
e-viniferin (2a), and based on the stereochemistry of 2a,
further biotransformations are estimated to occur (Fig. 1).

HO

HO
A
OH

1

Figure 1. Plausible biogenesis of oligostilbenes.

Keywords: Resveratrol; Peroxidase; €-Viniferin; Thallium(III) nitrate.

In our previous papers, we reported the transformation from
(+)-e-viniferin (2a) to (—)-vitisin B (4), (+)-vitisin C (5),
(+)-hopeaphenol (3a), and (—)-isohopeaphenol (6) by
using horseradish peroxidase,>” and from (+)-g-viniferin
(2a) to (+)-ampelopsin A (7), (+)-ampelopsin B (8), (—)-
ampelopsin D (9), and (+)-ampelopsin F (10) under acidic
conditions.>* But we have never obtained &-viniferin (2) by
the transformation of resveratrol (1). Resveratrol (1) is
supposed to dimerize oxidatively by peroxidase or
phenoloxidase in plant cells to afford e-viniferin (2).
Langcake and Pryce reported the treatment of resveratrol
(1) with horseradish peroxidase.” According to their result,
e-viniferin (2) was not obtained by the reaction but
resveratrol-frans-dehydrodimer (11) was. Sako et al. also
investigated the nonenzymatical oxidative coupling of
resveratrol with several inorganic oxidative reagents, but

* Corresponding author. Tel.: +81 52 832 1781; fax: +81 52 834 8090; e-mail: masa@ccmfs.meijo-u.ac.jp

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.08.023
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they reported that the formation of e-viniferin (2) was not
observed.°

In this study, to substantiate the hypothesis to form (+)-e-
viniferin from resveratrol (1) in Vitaceaeous plants, we
investigated the participation of peroxidase and inorganic
oxidizing reagents in oligomerization of resveratrol (1). As
the result, the treatment of thallium(IIl) nitrate led to
e-viniferin (2) in good yield, and potassium hexacyano-
ferrate, and iron(IIl) chloride also gave 2, whereas no
commercially available peroxidases, which were tested in
this study, provided e-viniferin (2).

2. Results and discussion

2.1. Synthesis of resveratrol (1)

In this study, synthetic resveratrol (1) under the procedure
shown in Scheme 1 was used for the transformation with
oxidizing reagents. The starting material, methyl 3,5-
dihydroxybenzoate (13), was tert-butyldimethylsilylated
followed by reduction of the methoxy carbonyl group with
lithium aluminum hydride to afford 3,5-bis(tert-butyldi-
methylsilyloxy)benzyl alcohol (14). Compound 14 was
converted to the benzyl chloride (15), and 15 was
transformed into phosphonate (16). Resveratrol (1) was
obtained by the reaction of 16 and 4-tert-butyldimetylsilyl-
oxybenzaldehyde (18),” which was prepared from
4-hydroxybenzaldehyde (17), followed by deprotection.
No cis-isomer of 1 was found in this preparation.

2.2. Treatment of resveratrol (1) with oxidizing reagents

Resveratrol (1) was treated with several inorganic oxidizing
reagents in certain solvents as shown in Table 1. These
reagents are usually used for phenol oxidation.® Among
them, thallium(III) nitrate (TTN) in methanol at —50 °C
transformed resveratrol (1) to (£ )-e-viniferin (2), consum-
ing 30% of the starting material, within 5 min along with
56% of recovered resveratrol (1). But when this reaction
was carried out at over 0°C, the reaction gave just a
complex mixture. The product obtained by the reaction at
—50 °C was analyzed by HPLC equipped with CD detector
using a chiral column. As the result, the product was
revealed to be a mixture of (+)- and (—)-&-viniferins (2a
and 2b) as shown in Figure 2. Potassium hexacyanofer-
rate(IIl) is also a good reagent to form e-viniferin (2), and

1.0
(+)--viniferin (2a)
0.5

0.0 ciairocn .

Ae

(—)-e-viniferin (2b)

10 20
Retention time (min)

Figure 2. Analysis of the reaction mixture of TTN treatment.

HO\©/OH TBSO OTBS TBSO OTBS TBSO OTBS
N eailinething]

COOCH; CH,OH
13 14

OH OTBS

. ( TBSO !

OTBS
19

CHO CHO
17 18

CH,CI CH,P(0)(OEt),
15 16

oTBS
X g g

1

Scheme 1. Synthesis of resveratrol (1). Reaction conditions: (a) TBSCI, imidazole, DMF, rt; (b) LiAlH,4, THF, 0 °C; (c) p-TsCl, Et;N, DMAP, CH,Cl,, rt; (d)
P(OEt)3, Nal; (e) TBSCI, imidazole, DMF, rt; (f) 16 NaH, THF, —55 °C; (g) concd HCI, EtOH, rt.

Table 1. Treatment of resveratrol (1) with oxidizing reagents

Reagents Solvent Temperature (°C) Time 2 (%) 11 (%) 12 (%)
TI(NOs)3 MeOH —50 5 min 30.1 — —
TI(NO3)3 MeOH —30 5 min 3.9 — —
K;[Fe(CN)g] MeOH 25 10 min 21.9 22.5 15.7
Ce(S0y)» MeOH —50 26h 3.7 8.4 —
FeCl; Acetone 25 20h 0.9 97.0 1.5
MnO, CH,Cl, 25 24 h — 91.0 9.0

The percentage in this table means the ‘degree of transformation (%DT)’. See Section 3.
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[A] + [B] ——
[B] + [B] ——
[B] + [C] ——

Scheme 2. Hypothesis for the dimerization of resveratrol (1).

cerium(IV) sulfate, and iron(IIl) chloride afforded e-vini-
ferin (2), though the yields were low. On the other hand,
iron(IIT) chloride, and manganese(IV) oxide mainly gave
(£ )-resveratrol-trans-dehydrodimer (11). The mechanism
for the dimerization of resveratrol (1) is suggested as shown
in Scheme 2. When the reaction occurs in a short period, as
in the case using TTN, the intermediate [A] would generate
predominantly and then it reacts with intermediate [B] to
afford e-viniferin (2). Resveratrol-trans-dehydrodimer (11)
is supposed to form by the reaction of intermediate [B] and
[C]. On the basis of our result obtained when we used
iron(IIT) chloride, and mangan(IV) oxide, and the result
reported,® during the long reaction time and at compara-
tively higher temperature when 11 was mainly provided,
sterically less hindered intermediate [C] would be easily
involved in the reaction. But an appropriate account for the
distinction of the reactivity cannot be made only with this
evidence (Table 1).

HO

HO

e-viniferin (2)

pallidol (19)

resveratrol-trans-dehydrodimer (11)

2.3. Treatment of resveratrol (1) with peroxidases

e-Viniferin (2) is supposed to generate from resveratrol (1)
via oxidative coupling with peroxidase or phenoloxidase via
the proposed intermediates shown in Scheme 2. In order to
investigate the participation of peroxidase in the formation
of e-viniferin (2), resveratrol (1) was treated with several
commercially available peroxidases in two kinds of
solvents. In this study, we used peroxidases from soybean,
fungus (Arthromyces ramosus), and horseradish. The
reactions were carried out at 27 °C, because when we tried
it at 37 °C, the reaction gave only a complex mixture. As the
result, e-viniferin (2) was not obtained by using any of the
peroxidases tested, though several resveratrol dimers were
obtained (Table 2). In all cases, (= )-resveratrol-trans-
dehydrodimer (11)° and (£)-pallidol (12)™1° were major
products and compounds 20 and 21 (Fig. 3), all of which
were estimated to form via two molecules of intermediate

1" 20: R=0OH
21: R = OEt

Figure 3. Products obtained by the treatment of resveratrol (1) with oxidizing reagents and peroxidases.
Table 2. Diversity of the products obtained by the treatment of resveratrol (1) with peroxidases
Origins of peroxidases Solvent 11 (%) 12 (%) 20 (%) 21 (%)
Glycine max aq Acetone 214 7.2 1.8 —
Arthromyces ramosus aq Acetone 18.4 7.4 4.6 —
Horseradish aq Acetone 12.6 10.2 — —
Glycine max aq EtOH 12.1 9.5 52 8.6
Arthromyces ramosus aq EtOH 13.1 5.0 4.6 8.2

The percentage in this table means the ‘degree of transformation (%DT)’. See Section 3.
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[B] in Scheme 2, were obtained as minor products.
Accordingly, some specific oxidizing enzymes would be
involved to form g-viniferin (2) in the plants. The reaction
time in each case was short enough (0.5-1.5 h) to form
e-viniferin (2), if the reaction proceeded like that with
inorganic oxidizing reagents. Furthermore, the pattern of the
reaction was the same as those, which were observed when
(+)-e-viniferin (2a) was treated horseradish peroxidase to
form (—)-vitisin B, (+)-vitisin C, (+)-hopeaphenol, and
(—)-isohopeaphenol.>? So, judging from the evidence, no
intermediate [A] seemed to be generated in those enzymatic
reactions, and the reaction proceeded via the less hindered
intermediates [B] and [C]. Because resveratrol-trans-
dehydrodimer (11) was resulted from intermediate [B] and
[C], and other products, a mixture of (£ )-leachianols F and
G (20),"" and a mixture of (£)-quadrangularin B and C
(21),9 were formed via two molecules of intermediate [B].

3. Experimental
3.1. General

UV and IR spectra were recorded on JASCO Ubest V-560
(cell length 10 mm) and FT-IR-410 spectrophotometers,
respectively. Optical rotations were measured with a
JASCO P-1020 polarimeter (cell length 100 mm). 'H and
'3C NMR spectra were recorded on JEOL ALPHA-600 ('H:
600 MHz and '’C: 150 MHz), JEOL ECP-500 ('H:
500 MHz and '’C: 125MHz), and JEOL ALPHA-400
("H: 400 MHz and '*C: 100 MHz) spectrometers. Chemical
shifts for "H and '*C NMR are given in parts per million (6)
relative to solvent signal (chloroform-d: oy 7.26 and o¢
77.0, methanol-d,: 6y 3.30 and 6¢ 49.0, acetone-dg: 0y 2.04
and 0c 24.9) as internal standards, respectively. LR and HR
FAB-MS were obtained with JEOL JMS HX-110 using m-
nitrobenzyl alcohol as matrix. Analytical TLC was
performed on silica gel 60 F,s4 (Merck). Column
chromatography was carried out on silica gel BW-820MH
(Fuji Silysia Chemicals, Co. Ltd). ODS (Develosil ODS
UG-5, $20X250 mm, Nomura Chemical, Seto, Japan), C-8
(Develosil C8-5, $20X250 mm, Nomura Chemical, Seto,
Japan), and C-8 (YMC-Pack C8, $20X250 mm, YMC,
Kyoto, Japan) columns were used for preparative HPLC,
and C-8 (Develosil C8-5, $4.6X250 mm, Nomura Chemi-
cal, Seto, Japan) column were used for analytical HPLC.
Peroxidases from soybean (Glycine max), A. ramosus were
purchased from Sigma and peroxidase from horseradish
were from Wako Pure Chemicals, Osaka, Japan.

3.2. Synthesis of resveratrol (1)

3.2.1. 3,5-Bis(tert-butyldimetylsilyloxy)benzyl alcohol
(14). To a solution of methyl 3,5-dihydroxybenzoate (13,
50.0 g) in DMF (300 mL), imidazole (21.6 g) and fert-
butyldimethylsilyl chloride (TBSCI) (48.8 g) was added and
stirred at rt for 21 h. The reaction solution was extracted
with ethyl acetate, and the ethyl acetate layer was washed
with water and brine, dried over anhydrous magnesium
sulfate. The solvent was removed in vacuo, and the crude
product was purified by silica-gel column chromatography
using hexane/ethyl acetate 97:3 as an eluent to afford methyl
3,5-bis(tert-butyldimetylsilyloxy)benzoate (23) (115 g,

97.5%). Compound 23 (109 g) was dissolved to THF
(350 mL), and lithium aluminum hydride (5.6 g) was added
at 0 °C. After 20 h, the reaction mixture was extracted with
ethyl acetate, and the ethyl acetate layer was washed with
water and brine, dried over anhydrous magnesium sulfate,
and evaporated. The residue was purified by silica-gel
column chromatography using hexane/ethyl acetate 95:5 as
an eluent to give alcohol 14 (89.9 g, 88.7%).

3,5-Bis(tert-butyldimetylsilyloxy)benzoate (23). 'H NMR
(600 MHz, CDCl5) 6 7.10 (2H, d, J=2.2 Hz), 6.50 (1H, t,
J=2.2 Hz), 3.86 (3H, s), 0.96 (18H, s), 0.18 (12H, s); EI-
MS m/z 396 (M ™).

3,5-Bis(tert-butyldimetylsilyloxy)benzyl alcohol (14). 'H
NMR (400 MHz, CDCls3) 6 6.44 (2H, d, J=2.2 Hz), 6.23
(1H,t,J=2.2 Hz), 4.54 (2H, s), 0.95 (18H, s), 0.17 (12H, s);
EI-MS m/z 368 (M ™).

3.2.2. 3,5-Bis(tert-butyldimetylsilyloxy)benzyl chloride
(15). p-Toluenesulfonyl chloride (44.4 g) was added to the
CH,Cl, solution (400 mL) of alcohol (14, 71.4 g), triethyl-
amine (32.5 mL), and 4-dimethylaminopyridine (DMAP)
(11.9 g) at 0 °C. The reaction solution was stirred at rt for
12 h, and extracted with chloroform. The organic layer was
washed with water and brine, dried over anhydrous
magnesium sulfate and evaporated. The crude product was
purified by silica-gel chromatography using hexane/ethyl
acetate 95:5 as an eluent to give chloride 15 (45.7 g, 61.0%).

3,5-Bis(tert-butyldimetylsilyloxy)benzyl chloride (15). 'H
NMR (600 MHz, CDCls) 6 6.45 (2H, d, J=1.8 Hz), 6.26
(1H,t,J=1.8 Hz), 4.43 (2H, s), 0.96 (18H, s), 0.18 (12H, s);
EI-MS m/z 386, 388 (M ™).

3.2.3. Diethyl [3,5-bis(tert-butyldimetylsilyloxy)phenyl]
methylphosphonate (16). To a mixture of chloride (15,
31.5 g) and triethyl phosphite (23.7 mL), Nal (1.3 g) was
added, and stirred at 135 °C for 3 h. Triethyl phosphite
(23.7mL) and Nal (1.3 g) was added again and stirred
another 3 h. The reaction solution was extracted with ethyl
acetate. The organic layer was washed with water and brine,
dried over anhydrous magnesium sulfate, and evaporated.
The crude product was purified by silica-gel chromato-
graphy using hexane/ethyl acetate 7:3 as an eluent to afford
phosphonate (16) (34.2 g, 86.1%).

Diethyl [3,5-bis(tert-butyldimetylsilyloxy)phenylJmethyl-
phosphonate (16). '"H NMR (600 MHz, CDCl;) 6 6.43
(2H, d, J=2.2 Hz), 6.26 (1H, t, J=2.2 Hz), 4.00 (4H, m),
3.03 (2H, d, J=21.6 Hz), 1.25 (6H, t, J=7.0 Hz), 0.94
(18H, s), 0.19 (12H, s); EI-MS m/z 488 (M™).

3.2.4. 4-(tert-Butyldimetylsilyloxy)benzaldehyde (18). To
a solution of methyl 3,5-dihydroxybenzoate (17, 16.8 g) in
DMF (100 mL), imidazole (11.3 g) and TBSCI (25.0 g) was
added and stirred at rt for 21 h. The reaction solution was
extracted with ethyl acetate, and the ethyl acetate layer
was washed with water and brine, dried over anhydrous
magnesium sulfate. The solvent was removed in vacuo, and
the crude product was purified by silica-gel column
chromatography using hexane/ethyl acetate 95:5 as an
eluent to afford compound 18 (18.9 g, 58.1%).
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4-(tert-Butyldimetylsilyloxy)benzaldehyde (18). 'H NMR
(600 MHz, CDCl3) 6 9.89 (1H, s), 7.79 (2H, d, J=8.8 Hz),
6.95 (2H, d, /=8.8 Hz), 0.99 (9H, s), 0.25 (6H, s); EI-MS
mlz 236 (M ™).

3.2.5. 3,5,4'-Tris(tert-butyldimetylsilyloxy)stilbene (19).
A solution of phosphonate (16, 23.4 g) in THF (40 mL) was
added dropwise to a suspension of NaH (2.45 g) in THF
(20 mL) at —55°C for 1 h, and the reaction mixture was
stirred at 0 °C for 1 h. The mixture was cooled to —55 °C
again, and a solution of compound 18 (12.5 g) in THF
(20 mL) was added dropwise for 1h. The reaction
temperature was raised to 0 °C for 3 h, and was kept at
0°C for 20h. The solution was stirred at rt for 6 h,
neutralized with 2 M HCl, and extracted with ethyl acetate.
The ethyl acetate layer was washed with water and brine,
dried over anhydrous magnesium sulfate, and evaporated.
The crude product was purified by silica-gel column
chromatography using chloroform/methanol 97:3 as an
eluent to give compound 19 (13.9 g, 50.8%).

3,5,4'-Tris(tert-butyldimetylsilyloxy)stilbene (19). "H NMR
(600 MHz, CDCl3) 6 7.37 (2H, d, J=8.7 Hz), 6.95 (1H, d,
J=16.5Hz), 6.84 (1H, d, /=16.5Hz), 6.82 (2H, d, J=
8.7Hz), 6.59 (2H, d, /J=2.2 Hz), 6.24 (2H, d, /J=2.2 Hz),
0.96 (27H, s), 0.19 (18H, s); EI-MS m/z 570 (M ™).

3.2.6. Resveratrol (1). To a solution of compound 19
(5.7 g) in ethanol (12 mL), a mixture of concd HCI (20 mL)
and ethanol (100 mL) was added, and stirred at rt for 26 h.
The reaction solution was evaporated and extracted with
ethyl acetate. The ethyl acetate layer was washed with water
and brine, dried over anhydrous magnesium sulfate, and
evaporated. The crude product was purified by silica-gel
chromatography using chloroform/methanol 95:5 as an
eluent to give resveratrol (1) (1.8 g, 79.0%).

3.3. Evaluation of the reactivity

In this study, ‘Degree of transformation’ was defined as
follows. This term means the amount of resveratrol (1),
which was consumed to form stilbenedimers, and the values
(%DT) are used throughout the following investigations.

Degree of transformation (%DT)=(mole of productxX2)/
(mole of resveratrol (1)) X 100.

3.4. Treatment of resveratrol (1) with oxidizing reagents

3.4.1. Treatment with thallium(III) nitrate. To a solution
of resveratrol (5 mg) in methanol (1.5 mL), TI(NOj3);3
(10.7 mg) was added at —50 °C. The solution was stirred
at —50 °C for 30 min under N, atmosphere. Water (1 mL)
was added to the solution and the reaction mixture was
extracted with ethyl acetate. The organic layer was washed
with water and brine, died over anhydrous magnesium
sulfate, evaporated. The crude product was purified by
preparative HPLC equipped with ODS column using a
mixed solvent of methanol/water 6:4 as an eluent to give
e-viniferin (2, 1.5 mg, 30.1%DT), along with the recovered
resveratrol (1, 2.8 mg, 56%).

The resulted e-viniferin (2) was submitted to HPLC analysis

by using a chiral column (Chiralpak AD, $4.6X150 mm,
Daicel Chemical Industries, Osaka) by using hexane/
isopropy!l alcohol/trifluoroacetic acid 80:20:0.5 as a mobile
phase at flow rate of 1 mL/min.

3.4.2. Treatment with potassium hexacyanoferrate(III).
To a solution of resveratrol (1, 7.7 mg) in methanol (1 mL),
a mixed solution of K,CO; (4.1 mg) and Kj3[Fe(CN)g]
(9.8 mg) in 0.5 mL of water was added at rt. After 10 min,
the reaction mixture was analyzed by HPLC with C-8
column using a mixed solvent of methanol/water 6:4 as an
eluent at 0.5 mL/min, and the amount of a product was
quantified on the basis of the area of the peak. e-Viniferin (2,
Rt=10.0 min, 21.9%DT), resveratrol-trans-dehydrodimer
(11, Rt=14.9 min, 22.5%DT), and pallidol (12, Rt=
6.7 min, 15.7%DT) was detected along with recovered
resveratrol (1, Rt=9.1 min, 39.9%).

3.4.3. Treatment with cerium(IV) sulfate. To a solution of
resveratrol (1, 1.0 mg) in methanol (1 mL), CeSO4 (1.4 mg)
was added at —50°. After 26 h, the reaction mixture
extracted with ethyl acetate and water. The organic layer
was washed with water, brine, and dried over anhydrous
magnesium sulfate, and evaporated. The residue was
analyzed by HPLC with C-8 column using a mixed solvent
of methanol/water 6:4 as an eluent at 0.5 mL/min, and the
amount of a product was quantified on the basis of the area
of the peak. e-Viniferin (2, 3.7%DT), and resveratrol-trans-
dehydrodimer (11, 8.4%DT) was detected along with
recovered resveratrol (1, 53%).

3.4.4. Treatment with iron(III) chloride. To a solution of
resveratrol (1, 6.1 mg) in acetone (1 mL), FeCl; (4.4 mg)
was added at rt. After 20 h, the reaction mixture was
analyzed by HPLC with C-8 column using a mixed solvent
of methanol/water 6:4 as an eluent at 0.5 mL/min, and the
amount of a product was quantified on the basis of the area
of the peak. e-Viniferin (2, 0.9%DT), resveratrol-trans-
dehydrodimer (11, 97%DT), and pallidol (12, 1.5%DT) was
detected.

3.5. Treatment of resveratrol (1) with peroxidases

3.5.1. General procedure of treatment with peroxidases
in aqueous acetone. A mixture of resveratrol (ca. 10 mg),
acetone (1 mL), water (1 mL), 0.5 M phosphate buffer (pH
6.0) (0.4mL) and enzyme solution (0.1 mL in 0.5 M
phosphate buffer (pH 6.0)) was stirred at 27 °C for 5 min.
Then 30% H,0, (3 uL) was added to this reaction solution.
After 30 min, the reaction solution was extracted with ethyl
acetate. The organic layer was washed with water, and
brine, dried over anhydrous magnesium sulfate, and
evaporated. The residue was fractionated by preparative
HPLC with C-8 column (YMC) using a mixed solvent of
methanol/water 1:1.

3.5.1.1. Peroxidase from soybean (Glycine max). For
this reaction, resveratrol (10.8 mg) and peroxidase from
soybean (G. max) as a solution (4 mg/mL) were used. Crude
product of 6.3 mg was obtained, and by the preparative
HPLC of the product, resveratrol-trans-dehydrodimer (11,
2.3 mg, 21.4%), pallidol (12, 0.8 mg, 7.2%), and a mixture
of leachianol F and G (20, 0.2 mg, 1.8%) were obtained.
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3.5.1.2. Peroxidase from Arthromyces ramosus. For
this reaction, resveratrol (10.4 mg) and peroxidase from
A. ramosus as a solution (4 mg/mL) were used. Crude
product of 8.5 mg was obtained, and by the preparative
HPLC of the product, resveratrol-trans-dehydrodimer (11,
1.9 mg, 18.4%), pallidol (12, 0.8 mg, 7.4%), and a mixture
of leachianol F and G (20, 0.5 mg, 4.6%) were obtained.

3.5.1.3. Peroxidase from horseradish. For this reaction,
resveratrol (10.4 mg) and peroxidase from horseradish as a
solution (10 mg/mL) were used. Crude product of 7.9 mg
was obtained, and by the preparative HPLC of the product,
resveratrol-frans-dehydrodimer (11, 1.3 mg, 12.6%), and
pallidol (12, 1.1 mg, 10.2%) were obtained.

3.5.2. General procedure of treatment with peroxidases
in aqueous ethanol. A mixture of resveratrol (50 mg),
ethanol (5 mL), water (5 mL), 0.5 M phosphate buffer (pH
6.0) (2mL) and enzyme solution (0.5mL in 0.5M
phosphate buffer (pH 6.0)) was stirred at 27 °C for 5 min.
Then 30% H,O, (15 pl) was added to this reaction solution.
After 30 min, wet 1 g of Amberlite XAD-2 (Organo, Tokyo)
was added to the solution and eluted with water, 50%
aqueous methanol, methanol, and acetone. The acetone
elute was evaporated and fractionated by preparative HPLC
with C-8 column (Develosil) using a mixed solvent of
methanol/water 1:1.

3.5.2.1. Peroxidase from soybean (Glycine max).
Peroxidase from soybean (G. max) was used as a solution
(40 pg/mL). By the preparative HPLC, resveratrol-trans-
dehydrodimer (11, 6.0 mg, 12.1%), pallidol (12, 4.9 mg,
9.5%), a mixture of leachianol F and G (20, 2.7 mg, 5.2%),
and a mixture of quadrangularin B and C (21, 4.7 mg, 8.6%)
were obtained.

3.5.2.2. Peroxidase from Arthromyces ramosus. Per-
oxidase from A. ramosus was used as a solution (4 mg/mL).
By the preparative HPLC, resveratrol-trans-dehydrodimer
(11, 6.5 mg, 13.1%), pallidol (12, 2.6 mg, 5.0%), a mixture

of leachianol F and G (20, 2.4 mg, 4.6%), and a mixture of
quadrangularin B and C (21, 4.5 mg, 8.2%) were obtained.
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Abstract—A synthesis of 5,15-disubstituted zinc-porphyrins has been developed that employs condensation of a 1,9-bis(N,N-
dimethylaminomethyl)dipyrromethane +a dipyrromethane in refluxing ethanol containing zinc acetate followed by oxidation with DDQ.
The N,N-dimethylaminomethylation of the dipyrromethane was achieved via Eschenmoser’s reagent (N,N-dimethylmethyleneammonium
iodide) in CH,Cl, at room temperature. The synthesis is compatible with diverse substituents (e.g., alkyl, aryl, ester, acetal) and enables rapid
synthesis of trans-AB-, A,-, and A-porphyrins. The synthesis of > 40 zinc porphyrins has been surveyed; 13 zinc porphyrins were isolated in

yields of 5-20% without detectable scrambling.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Porphyrins bearing only one or two substituents present a
compact architecture suitable for a wide variety of
applications or further synthetic elaboration. For sub-
stituents at the meso-positions, the methodology established
for preparing porphyrins bearing four distinct meso-
substituents would appear applicable. The route to such
ABCD-porphyrins entails condensation of a dipyrro-
methane + dipyrromethane-1,9-dicarbinol, where the four
substituents are introduced via the meso-positions of both
dipyrromethane species and the carbinol units at the 1- and
9-positions.' The corresponding synthesis of A-porphyrins,
trans-AB-porphyrins, and also trans-A,-porphyrins
would employ meso-substituted dipyrromethanes with no
substituents at the carbinol sites. To our surprise,
condensations with dipyrromethanes bearing primary
carbinol groups proceeded poorly, giving a mixture of
porphyrins and overall low yields.> No better alternatives
(other than statistical condensations) to A-porphyrins or
trans-AB-porphyrins have been developed. This limitation
prompted us to investigate C1 synthons having greater
reactivity than primary carbinol groups for the rational
synthesis of porphyrins bearing one or two meso-
substituents.

A wide variety of Cl synthons have been employed in
porphyrin chemistry, either as functional groups (aldehyde,*

Keywords: Dipyrromethane; Aminomethylation; Porphyrin; Zinc.
* Corresponding author. Tel.: +1 9195156406; fax: +1 9195132830;
e-mail: jlindsey @ncsu.edu

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.08.028

hydroxymethyl®) attached to a pyrrolic species or as added
reagents (formic acid,’ trimethyl orthoformate,® formal-
dehyde,” and imines’). A key consideration in the use of
dipyrromethanes is the possibility of acidolysis followed by
undesired recombination of dipyrromethane-derived
fragments, affording undesired porphyrin species (i.e.,
scrambling). The possibility of scrambling constrains the
nature of the reactive groups employed as C1 synthons (e.g.,
aldehyde or hydroxymethyl) and reaction conditions that
can be employed.

The aminomethyl group is an attractive candidate for the C1
synthon leading to porphyrinic macrocycles because of ease
of introduction, the possibility that reaction can be carried
out without added acid catalysts, and biomimetic analogy.
Indeed, an aminomethylpyrrole (porphobilinogen, A)® is the
biosynthetic precursor of all naturally occurring porphyrinic
macrocycles (Chart 1). Aminomethylpyrroles have been
prepared by the condensation of pyrrole derivatives with
aldehydes and amines.” The advent of N,N-dimethyl-
methyleneammonium iodide (Eschenmoser’s reagent),'®
designed for reactions with corrins, also facilitated the
synthesis of aminomethylpyrrolic compounds. To construct
porphyrinic macrocycles from aminomethylpyrroles, three
different approaches have been investigated: (1) self-
condensation of an aminomethylpyrrole (e.g., B or C);'""'?
(2) condensation of a bis(aminomethyl)pyrrole (e.g., D or E)
with a pyrrole derivative;'"'*'* and (3) 3+ 1 condensation
of a bis(aminomethyl)pyrrole D with a tripyrrane.'*'> These
approaches are attractive in their simplicity but have the
potential limitation of forming a mixture of porphyrin
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HOLC
CO,H

R', RZ = H, CH3, CoHs, CgHs, etc.

RZp3 y R?

R!'=H, Ph
R2, R3 = CHg, CoHg

Chart 1.

A_H
X =
\NHHN/

® ©
(1) CHy=NEt, Cl

@ B__H
~ =
\NH HN-7

KsFe(CN)g
(3) Oxidant (e.g. DDQ)

Y

R1

R2
mixture of
trans-AB-Porphyrin R'=A R?=B
R, R?=A
trans-Aj-Porphyrin
R',R?=B
etioporphyrin R',RZ=H

Scheme 1.

regioisomers depending on the B-substitution pattern of the
pyrrolic substrates.

Although aminomethyl-dipyrromethanes can be attractive
precursors for porphyrinic macrocycles, aminomethyl-
dipyrromethane derivatives (F) have been mainly used for
the synthesis of expanded porphyrins, such as porpho-
cyanine.'® To our knowledge, the only previous example of
aminomethyl-dipyrromethane derivatives in porphyrin
chemistry is Hombrecher’s synthesis of meso-substituted
etioporphyrins:'” treatment of a dipyrromethane with a
Mannich reagent (CH,=NEt,Cl) gave the 1,9-bis(N,N-
diethylaminomethyl)dipyrromethane (not isolated), which
upon condensation with a dipyrromethane in situ afforded a
mixture including a trans-AB-porphyrin, A-porphyrins, and
etioporphyrin (Scheme 1).

In this paper, we report the synthesis of trans-AB-, trans-
A,-, and A-porphyrins via a [2+2] condensation of a
bis(aminomethyl)dipyrromethane +a dipyrromethane. The
dipyrromethanes lack B-substituents. N,N-Dimethylamino-
methylation of a dipyrromethane is achieved with
Eschenmoser’s reagent. The survey of the scope of reaction
encompassed 14 dipyrromethanes and led to examination of
the synthesis of >40 zinc porphyrins.

Scheme 2.
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2. Results and discussion

2.1. Synthesis of aminomethyl derivatives of
5-phenyldipyrromethane

A series of aminomethyl derivatives of 5-phenyldipyrro-
methane was prepared as shown in Scheme 2. Treatment of
5-phenyldipyrromethane (1a)'® with Eschenmoser’s
reagent'® at room temperature smoothly gave the dipyrro-
methane-bis(ammonium iodide) 2a, which was easily
isolated by precipitation upon addition of ethyl ether.
Alternatively, treatment of the reaction mixture containing
2a with aqueous NaHCOj; quantitatively gave the corre-
sponding free amine, 1,9-bis(N,N-dimethylaminomethyl)-
dipyrromethane (3a). The reaction of 3a with methyl iodide
gave the quaternized ammonium salt 4a.

2.2. Optimization of the reaction conditions for
porphyrin formation

Porphyrin formation via a [2+2] condensation was first
examined by the reaction of free base bis(aminomethyl)
dipyrromethane 3a+ dipyrromethane 1b'® under various
conditions. In each case, the yield of porphyrin was
determined by absorption spectroscopy and the occurrence
of scrambling was assessed by laser-desorption mass
spectrometry (LD-MS).?*?" Initially, several reagents
(oxidant, acid, and metal template) were examined for the
reaction in CH,Cl,/EtOH 3:1. The major findings are as
follows:

Table 1. Effect of reagents in porphyrin formation via 3a+1b*

(1) EtOH
Zn(OAc),,
reflux
(2) DDQ
5ab (M = HH)
Zn5ab (M = Zn)
Entry Reagent 1 Reagent 2 Product Yield (%)°
1 — — — 0
2 — DDQ* Sab 7
3 K;Fe(CN)y — 5ab 5
4 Ks;Fe(CN)s  DDQ¢ Sab 7
5 Acid! DDQ°¢ — 0
6 Zn(OAc), — Zn5ab 2
7 Zn(OAc), DDQ° Zn5ab 13

# Reaction conditions: 10 mM reactants in CH,Cl,/EtOH 3:1 under reflux
exposed to air for 18 h in the presence or absence of reagents [K;Fe(CN)g
(0.1, 1, or 10 equiv) or Zn(OAc), (10 equiv)].

® The yields of porphyrin were calculated upon absorption spectroscopy of
small aliquots from the reaction mixture.

¢ Following the general reaction condition, the reaction mixture was treated
with 3/4 equiv of DDQ per pyrrole unit (30 mM).

4 Trifluoroacetic acid (TFA), trichloroacetic acid (TCA), acetic acid, or
propionic acid.

(1) Oxidant. The condensation of 3a+1b in CH,CIl,/EtOH
3:1 under reflux for 16 h (without any oxidant other than air)
gave no porphyrin (Table 1, entry 1). However, further
treatment of the reaction mixture with DDQ afforded free
base porphyrin Sab in 7% yield (entry 2). Smith employed
K;3Fe(CN)g as an oxidant for porphyrin formation from a
bis(aminomethyl)pyrrole.14 Inclusion of K3Fe(CN)g in the
condensation of 3a+ 1b afforded porphyrin Sab in 5% yield
(entry 3). The yield increased to 7% upon further oxidation
with DDQ (entry 4). No added catalyst is required for
formation of the putative porphyrinogen, however, oxi-
dation cannot be achieved with air or K;Fe(CN)s but
requires use of DDQ.

(2) Acid. Trifluoroacetic acid, trichloroacetic acid, acetic
acid, or propionic acid was examined as an acid catalyst
(entry 5). At room temperature, no porphyrin formation was
observed.

(3) Metal template. The condensation of 3a+1b in the
presence of Zn(OAc), in CH,CL,/EtOH 3:1 under reflux
gave zinc porphyrin ZnSab in 2% yield (entry 6).
Oxidation of the reaction mixture with DDQ afforded
ZnSab in up to 13% yield without scrambling (entry 7). No
free base porphyrin was detected. This method provides a
simple procedure for the formation of a trans-AB-

porphyrin.

The required reagents for the porphyrin-forming
reaction from a bis(aminomethyl)dipyrromethane are
Zn(OAc), and DDQ. Further modification of the reaction
conditions was investigated by changing the following
factors:

(4) Solvent. EtOH gave the best result out of six solvents that
were examined (THF, MeOH, toluene, CH,Cl,, CHCl;,
EtOH). In alcohol solvents, the reaction proceeded rapidly
and was complete in 1 h. A longer reaction time was
required with halogenated solvents.

(5) Amount of Zn(OAc),. The highest yield of porphyrin was
obtained when 10 mol equiv of Zn(OAc), was used. The
yield decreased to one third with a stoichiometric amount of
Zn(OAc),.

(6) Concentration. The effects of reactant concentration
were examined over the range from 1 to 316 mM. The
highest yield (~ 12% spectroscopic yield) was obtained at
10 mM (Fig. 1A).

(7) Reaction time. The yield of porphyrin as a function of
time upon condensation of 3a and 1b (to form porphyrin
ZnS5ab) is shown in Figure 1B. The condensation was
essentially complete within ~2 h.

From these studies, the best conditions for porphyrin
formation are as follows: 3a (10 mM), 1b (10 mM), and
Zn(OAc), (10equiv) in EtOH under reflux for ~2h,
followed by treatment with DDQ (3/4 equiv per pyrrolic
unit) at room temperature for 15 min. Application of this
method afforded trans-AB-porphyrin ZnSab in 16% yield
without detectable scrambling.
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Figure 1. (A) Effect of concentration of dipyrromethane species in porphyrin formation (3a+ 1b). Reaction conditions were as follows: [Zn(OAc), (10 equiv)
in EtOH at reflux in air for 5 h, data points are at 1, 3.16, 10, 31.6, 100, and 316 mM], then treated with 3/4 equiv of DDQ per pyrrole unit. The yields of
porphyrin were determined using absorption spectroscopy by removing small aliquots from the reaction mixture; (B) the yield of porphyrin as a function of
time upon reaction of bis(V,N-dimethylaminomethyl)dipyrromethane 3a + dipyrromethane 1b with Zn(OAc), under reflux in EtOH (the concentration of each

reactant is 10 mM) exposed to air.

2.3. Reactivity of free base amine (3a) versus ammonium
salts (2a and 4a) of dipyrromethanes

The reactivity of free base amine (3a) versus amine salt (2a
or 4a) was examined under the optimized conditions
described above and also in the absence of Zn(OAc), and/
or DDQ (Table 2). The highest yields were obtained for all
three substrates (2a, 3a, 4a) upon use of both Zn(OAc), and
DDQ. This result was somewhat surprising, because we
anticipated that the quaternized ammonium salt might react
in the absence of Zn(OAc),. With either Zn(OAc), or DDQ
present, the bis(ammonium) salts of the dipyrromethane
(2a, 4a) exhibited reactivity comparable to each other and
greater than that of the free base amine 3a. However, the
highest yield overall was observed with the free base amine
derivative 3a. All subsequent porphyrin-forming reactions

were performed with free base 1,9-bis(N,N-dimethyl-
aminomethyl)dipyrromethane analogues of 3a.

2.4. Synthesis of trans-AB-, trans-A,-, and A-porphyrins.
Probing aryl/alkyl/H substituents

A series of known dipyrromethanes (1a—n)"'®'%2273! was
prepared by application of a new solventless synthesis that
entails treatment of an aldehyde dissolved in 100 equiv of
pyrrole with a mild Lewis acid (InCl3) at room tempera-
ture.”> Each dipyrromethane (la—n) was reacted with
Eschenmoser’s reagent at room temperature followed by
workup with aqueous NaHCO;5 (aqueous K,CO3; was used
for the synthesis of 3i), affording the corresponding free
base 1,9-bis(N,N-dimethylaminomethyl)dipyrromethane
(3a-n) in 43-91% yield (Table 3).

Table 2. Effect of reagents and amine [free amine (3a) versus amine salt (2a or 4a)] in porphyrin formation®

(1) EtOH
Zn(OAc),,
reflux
(2) DDQ
2a X = N*(CHs),HI"
3a X = N(CHa), O
4a X = N*(CHa3)3l”
5ab (M = H,H)
Zn5ab (M = Zn)
Substrate Yield (%)°
Step (1): — — Zn(OAc), Zn(OAc),
Step (2): — DDQ — DDQ
2a 1 (5ab) 6 (5ab) 4 (ZnSab)° 10 (Zn5ab)
3a 0 0 0 13 (Zn5ab)
4a <1 (5ab) 6 (5ab) 2 (Zn5ab) 8 (Zn5ab)

# Reaction conditions: 10 mM reactants and 10 equiv of Zn(OAc), in EtOH under reflux exposed to air for 18 h, then treated with 3/4 equiv of DDQ per pyrrole

unit (30 mM).

® The yields of porphyrin were calculated using absorption spectroscopy by removing small aliquots from the reaction mixture.

¢ LD-MS showed the presence of free base porphyrin Sab.
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Table 3. Synthesis of 5-substituted-1,9-bis(N,N-dimethylaminomethyl)dipyrromethanes 3a-n*

(1) H ®CHs
=N ©

. |
R H CH,
AN =
\ /
NH HN (2) NaHCO3 aq.
(KoCO3 aq.for 1i) N— —N
1a-n / \
3a-n
R Yield (%)° Yield (%)°
a @ 68 o~ 83
b O 91 —H 63
. e
¢ 64 — }< 75
(o]
d §~®ooH3 85 /= 43
FRF
e F 87 81
F F
.0
£ —CHjg 68 m 5_‘/<O 66
A\
NN —_
g : 87 = TMS 86

# Reaction conditions: 100 mM dipyrromethane 1a—n and 2 equiv of Eschenmoser’s reagent in CH,Cl, at room temperature for 1 h, then washed with saturated

aqueous NaHCOj3; (K,COj; for 1i).
® Isolated yield.

The scope of porphyrin formation was examined using
the 1,9-bis(N,N-dimethylaminomethyl)dipyrromethanes
(Scheme 3, Table 4). Emphasis was placed on (1) variation
of the substituents; (2) assessment of any scrambling
processes; and (3) yields of porphyrin. Altogether, the
preparation of 28 trans-AB-porphyrins was examined. The
yields of porphyrin were determined spectroscopically and
ranged from <1 to 19% depending on the substituents and
combination of the dipyrromethane precursors. Note that a
given porphyrin can be made in two ways by switching the
combination of the 1,9-bis(N,N-dimethylaminomethyl)-
dipyrromethane (3) and dipyrromethane (1). For example,
le+3d afforded the zinc porphyrin Zn5de in <1% yield
while 1d +3e gave Zn5de in 15% yield. In all cases where
the better of the two possible combinations was employed,
the yields ranged from 12 to 19%. In those cases where the
porphyrin was isolated (ZnSab and ZnSac), the isolated
yields compared well with the spectroscopic yield.
Scrambling was observed only in the reaction of

R1
(1) EtOH
1 2
RUM RM Zn(OAG),,
A = = = reflux
\ / \ —_—
NH HN NH HN (2) DDQ
N— —N 1b
/ \ )
3a R
Zn5
Scheme 3.

5-(pentafluorophenyl)dipyrromethane (1e)+ 1,9-bis(N,N-
dimethylaminomethyl)-5-pentyldipyrromethane (3g) (8%
yield, level 2 scrambling). The scrambling problem could
be overcome by reversal of the substituents; thus, reaction of
1g+3e afforded the same target porphyrin in 15% yield
with no detectable scrambling. In general, the reaction of
5-(pentafluorophenyl)dipyrromethane (le) proceeded in
low yield and/or scrambling whereas the same meso-
substituent could be well accommodated upon use of 1,9-
bis(N,N-dimethylaminomethyl)-5-(pentafluorophenyl)-
dipyrromethane (3e). Taken together, the results upon
condensation of a dipyrromethane + 1,9-bis(N,N-dimethyl-
aminomethyl)dipyrromethane are superior to those of the
reaction of a 1,9-bis(hydroxymethyl)-5-substituted-dipyrro-
methane +a 5-substituted-dipyrromethane, which resulted
in extensive scrambling.’

The results illustrate the effects of substituents (alkyl or
aryl) on the yields of the trans-AB-porphyrins and the
relative reactivity of those groups when present on the
dipyrromethane (1) versus 1,9-bis(dimethylaminomethyl)-
dipyrromethane (3). The yields of porphyrin are insensitive
to the presence of an alkyl versus aryl group on either
dipyrromethane or 1,9-bis(dimethylaminomethyl)dipyrro-
methane reactants. However, in the synthesis of porphyrins
bearing only one meso-substituent (A-porphyrin), the
combination of unsubstituted dipyrromethane and 5-sub-
stituted 1,9-bis(dimethylaminomethyl)dipyrromethane
affords higher yields than the reverse combination.



Table 4. Formation of trans-AB- and A-porphyrins Zn5 via 3a-g,i+ la-g,i"

3a 3b 3¢ 3d 3e 3t 3g 3i
z = z F F
: F Methyl n-Pentyl H
F F
1a @ — 13 11 11 18 7 15 5
1b —@— 14 (16)° — 11 9 13 6 16 5
I %}— 18 (15)° 18 — 10 18 12 16 6

FF

le E%}F <1 6° <1 <1 — 4 8 2
F F

1f  Methyl 13 13 16 12 12 — 16 4

g n-Pentyl 18 16 16 5 5 1 - 8

i H 13 19 14 11 8 9 16 -

 The yields of porphyrin were determined by absorption spectroscopy of small aliquots from the reaction mixture. All reactions gave level 0 scrambling (detected by LD-MS analysis) unless noted otherwise. Reaction
conditions: 10 mM reactants and 10 equiv of Zn(OAc), in EtOH under reflux exposed to air for 3 h, then treated with 3/4 equiv of DDQ per pyrrole unit (30 mM). The combination that gives the better yield of
porphyrin is underlined.

® Isolated yield.

¢ Level 2 scrambling.

96201

20€0I-16201 (S002) 19 uoipaynya] / v 12 ung “q



D. Fan et al. / Tetrahedron 61 (2005) 10291-10302 10297

Table 5. Synthesis of trans-AB-, A,-, and A-porphyrins Zn5 with diverse substituents®

Bis(aminomethyl)dipyrromethane

Dipyrromethane

Porphyrin Yield (%)°

trans-AB-porphyrin

0
3j — }< b
(o]

3k /T 1b

31 1b

. 0
3m EJ<O 1b

Zn5bj 10

O Zn5bk 14
*< >* Znsbl 15
I

ZnSbm 5

A\
3g —N 1h Zn5gh 17
3a @ In =—TMS Zn5an 6
z O —
3 — >< 1n = TMS ZnSjn 1
o
A-porphyrin
. 0 .
3 — :>< 1i i—H Zn5ij 12
o
3k /T 1i —H ZnSik 17
3l ‘<:\/:C 1i :-H Znsil 20
- O -
3m 5J<O 1i i—H Zn5im 5
A\
trans-A,-porphyrin
Znsll 15

% All reactions give level 0 scrambling (assessed by LD-MS analysis). Reaction conditions: 10 mM reactants and 10 equiv of Zn(OAc), in refluxing EtOH
exposed to air for 2 h, then treated with 3/4 equiv of DDQ per pyrrole unit (30 mM).

" Isolated yields.

2.5. Synthesis of trans-AB-, trans-A,-, and A-porphyrins.
Scope with diverse substituents

We examined the synthesis of a series of trans-AB-, trans-
A,-, and A-porphyrins bearing diverse substituents
(Table 5). Each porphyrin was purified by short passage
over a pad of silica. 5-(p-Tolyl)dipyrromethane (1b) was
reacted with a series of 1,9-bis(dimethylaminomethyl)-
dipyrromethanes bearing diverse substituents 3j—m, includ-
ing acetal,27 allyl,28 swallowtail,29 and carboethoxy3°
groups. In each case, no scrambling was observed and the
isolated yields of the trans-AB-porphyrins ranged from 5 to
15%. In the same manner, a trans-AB-porphyrin (Zn5gh)
bearing two alkyl groups was prepared in 17% yield. When
a 5-TMS-ethynyldipyrromethane (1n) was employed, the
yield of porphyrin was low (ZnSan and ZnSjn). Very little

change was obtained upon use of the TMS-ethynyl unit in
the bis(N,N-dimethylaminomethyl)dipyrromethane species.

A similar series of reactions was performed with unsub-
stituted dipyrromethane (1i) and 5-substituted 1,9-bis(V,N-
dimethylaminomethyl)dipyrromethanes 3j—m. The corre-
sponding A-porphyrins (Zn5ij, Zn5ik, Zn5il, and ZnSim)
were obtained in yields of 5-20%. trans-AB-porphyrins
bearing a single swallowtail substituent (Zn5bl and ZnS5il)
were obtained smoothly. A trans-A,-porphyrin (Zn5ll) was
obtained by using a dipyrromethane and a bis(N,N-
dimethylaminomethyl)dipyrromethane each bearing
swallowtail substituents at the 5-position. The success of
these approaches is in contrast to the failure encountered
upon attempted reaction of a dipyrromethane-1-carbinol
bearing a swallowtail substituent at the 1-position.?
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In general, the substituents that can be introduced with this
method are quite diverse and open up a number of
applications. The acetal group (ZnSbj, ZnSij) can be
converted to an aldehyde,” the allyl group (Zn5bk, Zn5ik)
can be used for surface attachment,?® the swallowtail group
(Zn5bl, Zn5il, ZnSll) can suppress aggregation and thereby
increase the solubility of the porphyrin,®® and the ester
(ZnSbm, ZnSim) provides a motif for apical coordination in
self-assembly processes.

3. Outlook

The synthesis of porphyrins bearing one or two meso-
substituents (A-porphyrin, trans-AB-porphyrin) requires
use of a Cl synthon that provides greater reactivity than
that of a primary carbinol group. The N,N-dimethylamino-
methyl group serves as an effective C1 synthon owing to the
ease of introduction, reactivity in the absence of an added
Brgnsted acid, and reaction under mild conditions without
detectable acidolysis. The method described herein affords
rather modest yields of zinc porphyrins. The low yields are
offset by the absence of scrambling, the broad scope, and the
ease of implementation.

4. Experimental
4.1. General

All '"H NMR (400 MHz) and *C NMR (100 MHz) spectra
were obtained in CDCl; unless noted otherwise. Porphyrins
were analyzed by laser desorption mass spectrometry
without a matrix (LD—MS).21 Fast atom bombardment
mass spectrometry (FAB-MS) data are reported for the
molecule ion or protonated molecule ion. Column chroma-
tography was performed with flash silica. Each new
compound (except salt 4a) was >95% pure as determined
by "H NMR spectroscopy. For each zinc porphyrin, only the
principal absorption maxima are reported.

4.2. Noncommercial compounds

The dip;/rromethanes 1a,'%1b,” 1¢,2 14,2 1,2 1, % lg,19
1h,' 1i,%° 1j,27 lk,28 11,29 1m,30 1n°! were prepared using a
new method that entails reaction of an aldehyde in
100 equiv of pyrrole containing a Lewis acid (e.g., InCl3).*?

4.3. Spectroscopic yield determinations

Yields of porphyrin-forming reactions were determined by
removal of aliquots from the reaction mixture, treatment
with DDQ, followed by absorption spectroscopy of the
oxidized product. For example, an ethanol solution of 3a
(1.00 mL, 20.0 mM stock solution, 20.0 umol of 3a) and an
ethanol solution of 1b (1.00 mL, 20.0 mM stock solution,
20.0 pmol of 1b) were combined and treated with Zn(OAc),
(36.6 mg, 200 umol), affording [3a]=[1la]=10 mM. The
reaction mixture was refluxed for a designated period. A
sample of DDQ (13.6 mg, 60.0 pmol) was added and the
mixture was stirred for 10 min at room temperature, then
triethylamine (13 pL, 100 umol) was added. An aliquot
(25 pL) of the reaction mixture was removed and diluted

with THF (500 pL, 21 times dilution), then 50 puL of this
diluted reaction mixture was added to a 1-cm pathlength
cuvette containing 3.00 mL of THF (61 times dilution) and
the absorption spectrum was recorded (total dilution 1281
times). The yield of the porphyrin was determined by the
intensity of the Soret band (412 nm, e=500,000 M ' cm ™)
measured from the apex to the base of the red edge of the
band. In this manner, a Soret band absorption of 1.00
corresponded to a porphyrin yield of 26%.

4.4. Standard procedures

4.4.1. Aminomethylation of a dipyrromethane, exempli-
fied for 1,9-bis(N,N-dimethylaminomethyl)-5-phenyl-
dipyrromethane (3a). A solution of la (667 mg,
3.00 mmol) in CH,Cl, (30 mL) at room temperature was
treated with N,N-dimethylmethyleneammonium iodide
(Eschenmoser’s reagent; employed as a fine powder;
1.17 g, 6.30 mmol). After 1 h, CH,Cl, (100 mL) and
aqueous NaHCO; (100 mL) were added to the reaction
mixture. The organic phase was dried (Na,SO,4) and then
concentrated to dryness. Addition of hexanes/CH,Cl,
afforded a precipitate, which upon filtration was obtained
as a pale yellow solid (600 mg, 59%): mp 76-78 °C; 'H
NMR 6 2.17 (s, 12H), 3.33 (s, 4H), 5.37 (s, 1H), 5.72-5.74
(m, 2H), 5.89-5.91 (m, 2H), 7.19-7.31 (m, SH), 8.07-8.18
(br, 2H); '*C NMR 6 44.3, 45.0, 56.7, 106.8, 107.3, 126.7,
128.36, 128.48, 128.9, 132.5, 142.4. Anal. Calcd for
C,1HygNy: C, 74.96; H, 8.39; N, 16.65. Found: C, 74.76;
H, 8.63; N, 16.27.

4.4.2. Porphyrin formation from 1,9-bis(NV,N-dimethyl-
aminomethyl)dipyrromethanes, exemplified for Zn(II)-
5-mesityl-15-phenylporphyrin (ZnSac) via 3a+1c. A
solution of 3a (168 mg, 0.500 mmol) and 5-mesityldipyrro-
methane (1c, 132 mg, 0.500 mmol) in ethanol (50 mL) at
room temperature was treated with Zn(OAc), (917 mg,
5.00 mmol). The mixture was heated to reflux. After 2 h, the
reaction mixture was allowed to cool to room temperature.
A sample of DDQ (340 mg, 1.50 mmol) was added and the
mixture was stirred for 15 min. Triethylamine (355 pL,
2.50 mmol) was added and the reaction mixture was
concentrated to dryness. Column chromatography [silica,
hexanes/CH,Cl, 1:1] afforded a purple solid (42.4 mg,
15%); '"H NMR 6 1.85 (s, 6H), 2.68 (s, 3H), 7.34 (s, 2H),
7.80-7.82 (m, 3H), 8.25-8.28 (m, 2H), 9.00 (d, /=4.4 Hz,
2H), 9.14 (d, J=4.4 Hz, 2H), 9.41 (d, J=4.4 Hz, 2H), 9.45
(d, J=4.4 Hz, 2H), 10.30 (s, 2H); >C NMR 6 21.7, 22.0,
106.1, 118.7, 120.2, 126.9, 127.7, 128.0, 131.6, 131.9, 132.5,
132.7, 134.8, 137.8, 139.0, 139.6, 142.9, 149.65, 149.74,
150.17, 150.31. Anal. Calcd for C35sH,¢N4Zn: C, 74.01; H,
4.61; N, 9.86. Found: C, 74.27; H,4.72; N, 9.53; LD-MS obsd
565.9, calcd 566.14 (C3sHy6N4Zn); Agps 412, 544 nm.

4.5. Synthesis of 1,9-dialkylated dipyrromethanes

4.5.1. Hydroiodide salt of 1,9-bis(V,N-dimethylamino-
methyl)-5-phenyldipyrromethane (2a). A solution of 1la
(222 mg, 1.00 mmol) in CH,CI, (10 mL) at room tempera-
ture was treated with N,N-dimethylmethyleneammonium
iodide (fine powder form; 389 mg, 2.10 mmol). After 1 h,
the mixture was diluted with ethyl ether (30 mL), causing
formation of a precipitate. A pale yellow solid (542 mg,
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91%) was collected by filtration: mp 138-140 °C; "H NMR
02.97(d, J=5.2 Hz, 12H), 4.54 (d, J=5.2 Hz, 4H), 5.45 (s,
1H), 5.79-5.81 (m, 2H), 6.19-6.21 (m, 2H), 7.20-7.29 (m,
5H), 8.90-9.10 (br, 2H), 10.40 (s, 2H); '?C NMR 6 43.03,
43.08, 44.6, 55.2, 108.9, 113.6, 118.2, 126.7, 128.43,
128.54, 135.0, 143.0; FAB-MS obsd 465.18, calcd 465.16
[M—D"] (M=C5;H3INy).

4.5.2. Hydroiodide salt of 1,9-bis(N,N-trimethylamino-
methyl)-5-phenyldipyrromethane (4a). A solution of 3a
(336 mg, 1.00 mmol) in dry CH,Cl, (10 mL) was treated
with CHsI (3.00 mmol) at room temperature in 1 h. The
reaction mixture was filtered, washed with a small amount
of cold THF, and concentrated to dryness, affording a pale
yellow solid (400 mg, 65%, >80% pure): mp 186-188 °C;
"H NMR (DMSO-dg) 6 3.37 (s, 18H), 4.80 (s, 4H), 5.90 (s,
1H), 6.18 (s, 2H), 6.69 (s, 2H), 7.60-7.76 (m, SH), 11.50-
11.68 (br, 2H); '°C NMR (DMSO-dy) 6 43.2, 51.4, 54.37,
54.41,61.8,107.9, 113.6, 118.1, 126.7, 128.1, 128.4, 135.8,
1425.4; FAB-MS obsd 493.21, calcd 493.18 [(M—1)*]
(M =C53H34INy).

4.5.3. 1,9-Bis(N,N-dimethylaminomethyl)-5-(p-tolyl)
dipyrromethane (3b). Following the standard procedure,
reaction of 1.00 mmol of 1b afforded a pale yellow solid
(320 mg, 91%): mp 62-64 °C; '"H NMR 6 2.17 (s, 12H),
2.32 (s, 3H), 3.29-3.38 (m, 4H), 5.34 (s, 1H), 5.74-5.75 (m,
2H), 5.90-5.91 (m, 2H), 7.09 (s, 4H), 8.27-8.35 (br, 2H);
3C NMR 6 21.3, 44.1, 45.2, 56.9, 106.8, 107.6, 128.4,
128.9, 129.4, 133.1, 136.5, 139.6; FAB-MS obsd 350.2483,
calcd 350.2470 (C22H30N4).

4.5.4. 1,9-Bis(N,N-dimethylaminomethyl)-5-mesityl-
dipyrromethane (3c). Following the standard procedure,
reaction of 1.00 mmol of 1c afforded a pale yellow solid
(240 mg, 64%): mp 43-45 °C; "H NMR 6 2.09 (s, 6H), 2.18
(s, 12H), 2.27 (s, 3H), 3.34 (s, 4H), 5.77-5.79 (m, 2H), 5.82
(s, 1H), 5.92-5.93 (m, 2H), 6.83 (s, 2H), 8.18-8.34 (br, 2H);
3C NMR 6 2091, 21.03, 38.9, 45.1, 56.8, 106.4, 108.0,
127.9, 1304, 131.7, 135.1, 136.4, 137.7; FAB-MS obsd
378.2785, calcd 378.2783 (C4H34Ny).

4.5.5. 1,9-Bis(N,N-dimethylaminomethyl)-5-(4-methoxy-
phenyl)dipyrromethane (3d). Following the standard
procedure, reaction of 1.00 mmol of 1d afforded a pale
yellow solid (310 mg, 85%): mp 65-66 °C; 'H NMR 6 2.15
(s, 12H), 3.28-3.36 (m, 4H), 3.77 (s, 3H), 5.30 (s, 1H), 5.71—
5.73 (m, 2H), 5.90-5.91 (m, 2H), 6.80-6.82 (m, 2H), 7.09—
7.11 (m, 2H), 8.30-8.45 (br, 2H); '>C NMR 6 43.6, 45.2,
55.5,56.9, 106.9, 107.6, 114.0, 128.9, 129.6, 133.3, 134.8,
158.5; FAB-MS obsd 366.2411, caled 366.2420
(C22H30N40).

4.5.6. 1,9-Bis(V,N-dimethylaminomethyl)-5-(penta-
fluorophenyl)dipyrromethane (3e). Following the stan-
dard procedure, reaction of 1.00 mmol of le afforded a
yellow solid (370 mg, 87%): mp 38—40 °C; 'H NMR 6 2.19
(s, 12H), 3.30-3.41 (m, 4H), 5.82 (s, 1H), 5.87-5.88 (m,
2H), 5.94-5.95 (m, 2H), 8.50-8.60 (br, 2H); '>*C NMR ¢
33.5, 45.2, 56.8, 107.3, 107.9, 116.2-116.5 (m), 128.3,
129.8, 136.5-136.8 (m), 139.0-139.3 (m, two peaks were
overlapped), 141.5-141.8 (m), 143.8-144.0 (m), 146.3—

146.4 (m); FAB-MS obsd 426.1825, calcd 426.1843
(C21Ha3FsNy).

4.5.7. 1,9-Bis(N,N-dimethylaminomethyl)-5-methyl-
dipyrromethane (3f). Following the standard procedure,
reaction of 1.00 mmol of 1f afforded a pale yellow solid
(140 mg, 51%): mp 113-115°C; '"H NMR 6 1.57 (d, J=
8.0 Hz, 3H), 2.16 (s, 12H), 3.32 (s, 4H), 4.07-4.12 (m, 1H),
5.87-5.91 (m, 4H), 8.12-8.24 (br, 2H); '*C NMR 6 20.6,
32.1, 45.1, 56.8, 104.2, 107.4, 128.4, 135.2; FAB-MS obsd
274.31, caled 274.22 (C ¢HogNy).

4.5.8. 1,9-Bis(N,N-dimethylaminomethyl)-5-n-pentyl-
dipyrromethane (3g). Following the standard procedure,
reaction of 1.00 mmol of 1g afforded a brown oil (290 mg,
87%); '"H NMR 6 0.85 (t, J=6.4 Hz, 3H), 1.27 (s, 6H),
1.92-1.94 (m, 2H), 2.37 (s, 12H), 3.59-3.67 (m, 4H), 3.92—
3.95 (m, 1H), 5.89-5.90 (m, 2H), 5.97-5.98 (m, 2H), 9.10-
9.24 (br, 2H); ?C NMR 6 14.3, 22.8, 27.5, 31.9, 34.8, 38.2,
45.2, 56.9, 105.0, 107.4, 128.5, 134.1; FAB-MS obsd
330.2774, calcd 330.2783 (CoH34Ny).

4.5.9. 1,9-Bis(N,N-dimethylaminomethyl)-5-r-hexyl-
dipyrromethane (3h). Following the standard procedure,
reaction of 1.00 mmol of 1h afforded a yellow solid
(278 mg, 80%): mp 88-90 °C; 'H NMR 6 0.85 t, J=
6.4 Hz, 3H), 1.24-1.29 (m, 8H), 1.89-1.91 (m, 2H), 2.16 (s,
12H), 3.29-3.37 (m, 4H), 3.88 (t, /=7.6 Hz, 1H), 5.87-5.90
(m, 4H), 8.10-8.20 (br, 2H); '*C NMR 6 14.3, 22.8, 27.8,
29.4,31.9,34.7,38.1,45.2,56.9,105.0, 107.4, 128.4, 134.1;
FAB-MS obsd 344.2859, calcd 344.2940 (C,;H36Ny).

4.5.10. 1,9-Bis(V,N-dimethylaminomethyl)dipyrro-
methane (3i). Following the standard procedure with slight
modification (K,CO; was used instead of NaHCOs3),
reaction of 1.00 mmol of 1i afforded a pale yellow solid
(152 mg, 63%): mp 74-76 °C; '"H NMR 6 2.17 (s, 12H),
3.33 (s, 4H), 3.84 (s, 2H), 5.82-5.83 (m, 2H), 5.88-5.90 (m,
2H), 8.55-8.70 (br, 2H); '>*C NMR 6 27.0, 45.2, 56.9, 105.9,
107.8, 128.6, 129.7; FAB-MS obsd 261.2091, calcd
261.2079 (C;sHo4Ny).

4.5.11. 1,9-Bis(N,N-dimethylaminomethyl)-5-(5,5-
dimethyl-1,3-dioxan-2-yl)dipyrromethane (3j). Following
the standard procedure, reaction of 1.00 mmol of 1j afforded
a colorless solid (280 mg, 75%): mp 92-94 °C; 'H NMR 6
0.72 (s, 3H), 1.12 (s, 3H), 2.18 (s, 12H), 3.32 (d, J=
13.2 Hz, 2H), 341 (d, J=13.2Hz, 2H), 348 (d, J=
13.2 Hz, 2H), 3.72 (d, J=13.2 Hz, 2H), 4.30 (d, J=4.0 Hz,
1H), 4.80 (d, J=4.0 Hz, 1H); 5.79-5.81 (m, 2H), 5.88-5.89
(m, 2H), 8.80-8.90 (br, 2H); 13C NMR 6 22.0, 23.2, 30.5,
42.6,45.2,57.0,103.7,107.0, 107.2, 128.8, 129.5; FAB-MS
obsd 374.2680, calcd 374.2682 (C,;H34N40,).

4.5.12. 5-Allyl-1,9-bis(N,N-dimethylaminomethyl)dipyr-
romethane (3k). Following the standard procedure,
reaction of 1.00 mmol of 1k afforded a brown oil
(130 mg, 43%); '"H NMR 6 2.14 (s, 12H), 2.68-2.72 (m,
2H), 3.32-3.33 (m, 4H), 4.00-4.03 (m, 1H), 4.98-5.08 (m,
2H), 5.76-5.83 (m, 1H), 5.89-5.90 (m, 4H), 8.20-8.40 (br,
2H); *C NMR 6 38.2, 39.3, 45.2, 56.9, 105.2, 107.5, 116.7,
128.6, 133.4, 136.8; FAB-MS obsd 300.2308, calcd
300.2314 (CgH,gNy).
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4.5.13. 1,9-Bis(V,N-dimethylaminomethyl)-5-(tridec-7-
ylhdipyrromethane (31). Following the standard procedure,
reaction of 1.00 mmol of 1l afforded a brown oil (180 mg,
81%); 'H NMR 6 0.86 (t, J=7.2 Hz, 6H), 1.13-1.35 (m,
20H), 1.81-1.91 (m, 1H), 2.16 (s, 12H), 3.30 (d, J=
13.2 Hz, 2H), 3.39 (d, J=13.2 Hz, 2H), 3.97 (d, J=6.4 Hz,
2H), 5.85-5.86 (m, 2H), 5.89-5.90 (m, 2H), 8.15-8.33 (br,
2H); °C NMR 6 14.3, 22.9, 27.2, 29.9, 31.6, 32.1, 41.8,
42.1, 45.1, 56.9, 105.9, 107.5, 127.9, 132.9; FAB-MS obsd
442.4033, calcd 442.4035 (CpgHsoNy).

4.5.14. 1,9-Bis(N,N-dimethylaminomethyl)-5-(ethoxy-
carbonyl)dipyrromethane (3m). Following the standard
procedure, reaction of 1.00 mmol of 1m afforded a brown
0il (230 mg, 69%); '"H NMR 6 1.27 (t, J=7.2 Hz, 3H), 2.17
(s, 12H), 3.28 (d, /J=12.0 Hz, 2H), 3.45 (d, /=12.0 Hz,
2H), 4.20 (q, J=7.2 Hz, 2H), 4.99 (s, 1H), 5.89-5.93 (m,
4H), 8.80-9.00 (br, 2H); '>*C NMR 6 14.3, 44.6, 45.1, 56.7,
61.8, 1069, 107.8, 127.2, 129.4, 171.6; FAB-MS obsd
333.2291, caled 332.2212 (C1gH,gN40,).

4.5.15. 1,9-Bis(/V,N-dimethylaminomethyl)-5-[2-(tri-
methylsilyl)ethynylldipyrromethane (3n). Following the
standard procedure, reaction of 1.00 mmol of 1n afforded a
brown solid (290 mg, 81%): mp 73-76 °C; '"HNMR 6 0.19
(s, 9H), 2.18 (s, 12H), 3.35 (d, J=3.2 Hz, 4H), 5.15 (s, 1H),
5.90-5.91 (m, 2H), 5.96-5.97 (m, 2H), 8.30-8.40 (br, 2H);
13C NMR 6 0.2, 31.6, 45.2, 56.8, 87.7, 104.1, 106.0, 107.6,
129.1, 129.4.

4.6. Synthesis of Zn(II)porphyrins

4.6.1. Zn(II)-5-(4-methylphenyl)-15-phenylporphyrin
(Zn5ab) via 3a-+1b. Following the standard procedure,
reaction of 0.500 mmol of 3a and 1b afforded a purple solid
(43 mg, 16%); '"H NMR (THF-dg) 6 2.75 (s, 2H), 7.58-7.62
(m, 2H), 7.77-7.83 (m, 2H), 8.13-8.18 (m, 2H), 8.26-8.29
(m, 2H), 9.11-9.15 (m, 2H), 9.15-9.19 (m, 2H), 9.41-9.47
(m, 2H), 10.31 (s, 2H); '>*C NMR (THF-dg) 6 21.7, 106.6,
120.3, 120.6, 127.4, 128.1, 128.2, 132.2, 132.3, 132.7,
132.9, 135.7, 135.8, 137.8, 141.6, 144.6, 150.61, 150.64,
151.0, 151.2; LD-MS obsd 538.5; FAB-MS obsd 538.1150,
calcd 538.1136 (C33H»,N4Zn); Ay 413, 539 nm.

4.6.2. Zn(II)-5-(5,5-dimethyl-1,3-dioxan-2-yl)-15-(4-
methylphenyl)porphyrin (Zn5bj) via 3j+ 1b. Following
the standard procedure, reaction of 1.00 mmol of 3j and 1b
afforded a purple solid (58.0 mg, 10%); "H NMR (THF-ds)
0 1.17 (s, 3H), 2.00 (s, 3H), 2.74 (s, 3H), 4.30-4.39 (m, 4H),
7.60 (d, J=8.0 Hz, 2H), 8.07 (s, 1H), 8.14 (d, J=8.0 Hz,
2H), 9.18 (d, /=4.0 Hz, 2H), 9.43 (d, J=4.0 Hz, 2H), 9.56
(d, J=4.0 Hz, 2H), 10.18 (d, /=4.0 Hz, 2H), 10.34 (s, 2H);
3C NMR (THF-dg) ¢ 21.7, 23.0, 31.7, 80.8, 106.4, 108.0,
113.2, 121.5, 128.1, 131.8, 132.0, 132.5, 132.9, 135.6,
137.8, 141.6, 150.36, 150.48, 150.51, 151.3; LD-MS obsd
575.9; FAB-MS obsd 576.1519, calcd 576.1504
(C33H23N4022H); Aabs 409, 541 nm.

4.6.3. Zn(II)-5-allyl-15-(4-methylphenyl)porphyrin
(Zn5bk) via 3k+1b. Following the standard procedure,
reaction of 1.00 mmol of 3k and 1b afforded a purple solid
(70.0 mg, 14%); 'H NMR (THF-dg) 6 2.75 (s, 3H), 5.15-
5.20 (m, 2H), 5.73-5.75 (m, 2H), 6.81-6.88 (m, 1H), 7.61

(d, J=8.0 Hz, 2H), 8.15 (d, J=8.0 Hz, 2H), 9.13 (d, J=
4.0 Hz, 2H), 9.36-9.37 (m, 4H), 9.59 (d, J=4.0 Hz, 2H),
10.13 (s, 2H); '*C NMR (THF-dg) ¢ 21.8, 40.0, 106.12,
106.18, 115.5, 116.6, 120.1, 128.1, 130.4, 132.2, 132.72,
132.81, 135.7, 137.7, 141.7, 143.7, 150.26, 150.44, 151.26,
151.42; LD-MS obsd 501.9; FAB-MS obsd 502.1118, calcd
502.1136 (C30H2N4Zn); Aaps 412, 545 nm.

4.6.4. Zn(II)-5-(4-methylphenyl)-15-(tridec-7-yl)por-
phyrin (Zn5bl) via 31+1b. Following the standard
procedure, reaction of 1.00 mmol of 31 and 1b afforded a
purple solid (100 mg, 15%); 'H NMR ¢ 0.69-0.72 (m, 6H),
1.06-1.11 (m, 12H), 1.33-1.42 (m, 2H), 1.58-1.66 (m, 2H),
2.75 (s, 3H), 2.80-2.89 (m, 2H), 3.00-3.10 (m, 2H), 5.38—
5.42 (m, 1H), 7.60 (d, J=7.6 Hz, 2H), 8.13 (d, J=7.6 Hz,
2H), 9.12-9.14 (m, 2H), 9.39-9.40 (m, 2H), 9.50-9.53 (m,
2H), 9.90 (d, J=4.8 Hz, 1H), 9.99 (d, /=4.8 Hz, 1H), 10.26
(s, 2H); *C NMR 6 14.2, 21.8,22.7,29.9, 31.9, 43.0, 47 .4,
105.7, 106.0, 119.7, 125.0, 127.6, 130.3, 131.3, 131.69,
131.72, 132.1, 132.5, 132.74, 134.77, 137.3, 139.9, 147.7,
149.1, 149.4, 149.72, 149.74, 150.53, 150.58, 152.0; LD-
MS obsd 644.7; FAB-MS obsd 644.2899, calcd 644.2857
(C40H44N4Zl’l); Aabs 412, 545 nm.

4.6.5. Zn(II)-5-ethoxycarbonyl-15-(4-methylphenyl)por-
phyrin (ZnSbm) via 3m-+1b. Following the standard
procedure, reaction of 1.00 mmol of 3m and 1b afforded a
purple solid (25.0 mg, 5%); 'H NMR (THF-dg) o 1.82 (t,
J=7.2 Hz, 3H), 2.73 (s, 3H), 5.08 (q, J=7.2 Hz, 2H), 7.61
(d, J=8.0Hz, 2H), 8.11 (d, J=7.6 Hz, 2H), 9.04 (d, J=
4.4 Hz, 2H), 9.38 (d, J=4.4 Hz, 2H), 9.49 (d, J=4.4 Hz,
2H), 9.66 (d, J=4.8 Hz, 2H), 10.30 (s, 2H); '*C NMR
(THFE-dg) 6 14.4, 20.8, 62.2, 106.71, 106.83, 107.3, 127.2,
131.11, 131.15, 132.40, 132.53, 134.7, 137.1, 140.4, 149.2,
149.70, 149.77, 150.1, 172.2; LD-MS obsd 535.6; FAB-MS
obsd 534.1059, calcd 534.1034 (C39H,,N40,Zn); Ay, 410,
541 nm.

4.6.6. Zn(II)-5-hexyl-15-n-pentylporphyrin (Zn5gh)
from 3g -+ 1h. Following the standard procedure, reaction
of 0.600 mmol of 3g and 1h afforded a purple solid
(80.0 mg, 17%); '"H NMR 6 0.94-1.03 (m, 6H), 1.40-1.46
(m, 2H), 1.51-1.61 (m, 4H), 1.83-1.88 (m, 4H), 2.54-2.59
(m, 4H), 4.94-4.98 (m, 4H), 9.34 (d, J=4.4 Hz, 4H), 9.58
(d, J=4.4 Hz, 4H), 10.00 (s, 2H); *C NMR (THF-dy) 6
13.7, 13.8, 22.9, 23.0, 30.4, 32.3, 32.9, 35.28, 35.34, 39.1,
39.4,104.5,118.81, 118.82, 128.8, 131.6, 148.9, 150.3; LD-
MS obsd 526.6; FAB-MS obsd 526.2088, calcd 526.2075
(C31H34N4Zn); Aabs 41 1, 546 nm.

4.6.7. Zn(I)-5-phenyl-15-[2-(trimethylsilyl)ethynyl]por-
phyrin (ZnSan) from 3a-+1n. Following the standard
procedure, reaction of 1.00 mmol of 3a and 1n afforded a
purple solid (30.1 mg, 6%); 'H NMR (THF-dg) 6 0.69 (s,
9H), 7.79-7.81 (m, 3H), 8.22-8.24 (m, 2H), 8.79 (d, J=
4.4 Hz, 2H), 9.34 (d, J=4.4 Hz, 2H), 9.45 (d, /J=4.4 Hz,
2H), 9.85 (d, J=4.4 Hz, 2H), 10.22 (s, 2H); *C NMR
(THF-dg) ¢ 0.8, 98.5, 100.2, 106.0, 107.7, 122.5, 127.5,
128.4, 131.9, 132.3, 133.13, 133.24, 135.6, 135.8, 144.3,
150.5, 150.8, 151.0, 153.6; LD-MS obsd 545.5; FAB-MS
obsd 544.1061, calcd 544.1062 (C3H24N4SiZn); A, 424,
556, 595 nm.
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4.6.8. Zn(II)-5-(5,5-dimethyl-1,3-dioxan-2-yl)-15-[2-(tri-
methylsilyl)ethynyllporphyrin (ZnSjn) from 3j+1n.
Following the standard procedure, reaction of 1.00 mmol
of 3j and 1n afforded a purple solid (5.70 mg, 1%); "H NMR
0 7.98 (s, 2H), 9.30 (d, J=4.8 Hz, 2H), 9.40 (d, J=4.8 Hz,
2H), 9.75 (d, J=4.0 Hz, 2H), 10.08 (d, /=4.0 Hz, 2H),
10.11 (s, 2H); LD-MS obsd 583.406; FAB-MS obsd
582.1473, calcd 582.1429 (Cz;H39N4O,SiZn); A, 417,
551, 587 nm.

4.6.9. Zn(II)-5-(5,5-dimethyl-1,3-dioxan-2-yl)porphyrin
(Zn5ij) from 3j+1i. Following the standard procedure,
reaction of 1.00 mmol of 3j and 1i afforded a purple solid
(56.0 mg, 12%); "HNMR 6 1.17 (s, 3H), 2.01 (s, 3H), 4.30—
4.40 (m, 4H), 8.09 (s, 1H), 9.41 (s, 4H), 9.53 (d, /=4.0 Hz,
2H), 10.15 (s, 1H), 10.19 (d, /=4.0 Hz, 2H), 10.25 (s, 2H);
3C NMR (THF-dy) 6 21.6, 30.3, 79.4, 104.4, 104.6, 106.6,
108.8, 112.1, 129.6, 130.5, 130.9, 131.1, 131.4, 132.3,
133.7, 148.52, 148.59, 148.87, 148.90, 149.1, 149.5, 150.3,
152.6; LD-MS obsd 485.6; FAB-MS obsd 486.1057, calcd
486.1034 (C26H22N4OQZH); Aabs 403, 535 nm.

4.6.10. Zn(II)-5-allylporphyrin (ZnS5ik) from 3k+1i.
Following the standard procedure, reaction of 1.00 mmol
of 3k and 1i afforded a purple solid (71.2 mg, 17%); 'H
NMR 6 5.17-5.22 (m, 2H), 5.94-5.96 (m, 2H), 6.89-6.96
(m, 1H), 9.46-9.47 (m, 6H), 9.72-9.73 (m, 2H), 10.17 (s,
1H), 10.19 (s, 2H); "*C NMR (THF-dg) ¢ 41.0, 105.51,
105.54,106.42, 106.46,116.4,117.9, 131.2, 133.56, 133.63,
133.65, 144.6, 151.1, 151.4, 151.91, 152.03; LD-MS obsd
412.1; FAB-MS obsd 412.0632, caled 412.0666
(C23H16N4Zn), Adbs 406, 538 nm.

4.6.11. Zn(II)-5-(tridec-7-yl)porphyrin (Zn5il) from 31+
1i. Following the standard procedure, reaction of 1.00 mmol
of 31 and 1i afforded a purple solid (123 mg, 22%); "H NMR
0 0.67-0.70 (m, 6H), 1.02-1.17 (m, 12H), 1.33-1.43 (m,
2H), 1.60-1.64 (m, 2H), 2.81-2.89 (m, 2H), 3.01-3.07 (m,
2H), 5.40-5.44 (m, 1H), 9.42-9.46 (m, 4H), 9.51 (d, J=
4.0 Hz, 1H), 9.54 (d, /=4.0 Hz, 1H), 9.92 (d, /J=5.2 Hz,
1H), 10.01 (d, /=5.2 Hz, 1H), 10.13 (s, 1H), 10.25 (s, 2H);
3C NMR 6 14.2,22.8,29.9, 31.9, 43.1, 47.5, 103.8, 105.0,
105.2, 125.5, 130.2, 131.2, 131.63, 131.77, 131.83, 131.98,
132.01, 147.4, 148.7, 148.9, 149.2, 149.55, 149.60, 151.5;
LD-MS obsd 555.8; FAB-MS obsd 554.2439, calcd
554.2388 (C33H38N4Zn); Ayps 406, 538 nm.

4.6.12. Zn(II)-5-ethoxycarbonylporphyrin (Zn5im) from
3m+1i. Following the standard procedure, reaction of
1.00 mmol of 3m and 1i afforded a purple solid (22.0 mg,
5%); '"H NMR (THF-dg) 6 1.82 (t, J=7.2 Hz, 3H), 5.09 (q,
J=17.2 Hz, 2H), 9.51-9.55 (m, 6H), 9.68 (d, J=4.4 Hz, 2H),
10.35 (s, 2H), 10.37 (s, 1H); '>*C NMR (THF-dg) 6 14.4,
62.2, 105.7, 106.4, 108.8, 131.1, 131.7, 132.33, 132.46,
148.7, 149.50, 149.75, 150.12, 171.8; LD-MS obsd 443.9;
FAB-MS obsd 444.0566, calcd 444.0565 (C,3H gN4O,Zn);
Aabs 403, 535 nm.

4.6.13. Zn(II)-5,15-bis(tridec-7-yl)porphyrin (Zn5Il)
from 31+11. Following the standard procedure, reaction
of 0.800 mmol of 31 and 11 afforded a purple solid (81.0 mg,
14%); "H NMR 6 0.68-0.71 (m, 12H), 1.01-1.14 (m, 24H),
1.31-1.39 (m, 4H), 1.54-1.62 (m, 4H), 2.76-2.85 (m, 4H),

2.97-3.07 (m, 4H), 5.32-5.37 (m, 2H), 9.46-9.50 (m, 4H),
9.84-9.86 (m, 2H), 9.92-9.94 (m, 2H), 10.21 (s, 2H); *C
NMR 6 14.2, 22.7, 29.8, 31.9, 42.8, 47.2, 104.93, 105.21,
105.49, 124.0, 130.02, 130.25, 130.95, 131.17, 131.50,
131.82, 147.12, 147.37, 149.18, 149.45, 149.72, 149.76,
152.04, 152.10; LD-MS obsd 736.0; FAB-MS obsd
736.4412, calcd 736.4422 (C46HeaN4Zn); Agps 412, 548 nm.
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Abstract—A series of 4-halophosphaisocoumarins were prepared with high regioselectivity in good to excellent yields under mild
conditions by the reaction of 2-(1-alkynyl)phenylphosphonic acid diesters with I, in CHCI; or ICl in CH,Cl,, or by the reaction of 2-(1-
alkynyl)phenylphosphonic acid monoesters with NBS or NCS in DMF. Whether the alkynylphosphonates could cyclize or not was affected
by the substituents, reaction solvents and electrophiles. A rationale for this reaction is discussed.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

4-Chloroisocoumarins 1 are effective irreversible inhibitors
of serine proteases' and potent inhibitors of amyloid peptide
production.” Since there is a remarkable similarity in
bioactivities between the carbon species and their phos-
phorus counterparts,” one would anticipate that phosphorus
4-chloroisocoumarin analogs 2-4 might have potential
bioactivities similar to those of the 4-chloroisocoumarins
reported herein (Fig. 1).

Cl d
X Y AN R2
(0]
X R! //P(O
o OEt
1 2:Z=1
X =NOy, NHj, NHR, etc. 3:Z=Br
Y = OR, CI, etc. 4: Z=Cl

Figure 1. 4-Chloroisocoumarins and 4-haolophosphaisocoumarins.

In a recent communication, we described the synthesis of
4-iodophosphaisocoumarins 2 via iodocyclization of 2-(1-
alkynyl)phenylphosphonic acid diesters with I, or ICL*
However, the bromo- and chlorophosphaisocoumarins 3 and
4 remain unknown compounds as yet. On the other hand,
during the course of preparing 2, we found that this

Keywords: Synthesis; Phosphonates; Alkynes; 4-Halophosphaisocoumar-

ins; Halocyclization.

* Corresponding author. Tel.: +86 21 54925334; fax: +86 21 64166128;
e-mail: dingyx @mail.sioc.ac.cn

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.08.032

iodocyclization reaction showed very high 6-endo-dig’
regioselectivity and the yields of 2 were dependent on
the substituents of the substrates and the strength of the
electrophiles. We think it is necessary to further study the
cyclization of phosphonates to C—C triple bond with other
electrophiles and synthesize more type of phosphaiso-
coumarins for future bioassays. Herein, we wish to present a
detailed study on the halocyclization of 2-(1-alkynyl)-
phenylphosphonates with I,, ICI, NBS and NCS, respect-
ively, and discuss the plausible mechanisms in this paper.

2. Results and discussion

We first examined the reaction of 2-(phenylethynyl)
phenylphosphonate Sa with 2.0 equiv of iodine in several
different organic solvents at room temperature. It was
obvious that the reaction was highly dependent on the type
of solvent used (Table 1, entries 1-5). In CH3CN and DMF,
the diiodide 6a was the major product (entries 1, 2); in
benzene, a ketone byproduct 7a was isolated (entry 3)
(Fig. 2). Fortunately, when the reaction was run in CHCl; or
CH,Cl,, the desired product 2a was produced in good yield
(entries 4, 5).

To explore the scope of this reaction, other 2-(1-alkynyl)
phenylphosphonic acid diesters S with a variety of
substituents were allowed to react with I, in CHCI; or
with ICl in CH,Cl, and the results are summarized in
Table 1. I, was efficient in most cases and a series of
4-iodophosphaisocoumarins were obtained in good to
excellent yields. However, 5S¢ with an H group on the
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Table 1. Synthesis of phosphaisocoumarins via iodocyclization of 5

A.-Y. Peng, Y.-X. Ding / Tetrahedron 61 (2005) 10303—10308

P R? |
2
Z Iy or ICI e R
R
R P(OEt), R P(O
i o’ OEt
5 2
Entry R' R? Solvent Product(s) Yield (%)®
1 H CeHs CH;CN 6a 85
2 H CeHs DMF 6a 65
3 H CeHs PhH 2a+7a 35415
4 H CeHs CH,Cl, 2a 80
5 H CeHs CHCl4 2a 83
6 H n-C4Ho CHCl4 2b 70
7 H H CHCly 2c+6¢ 4465
8" H H CH,Cl, 2¢ 35
9 Cl 4-FEtCeH,4 CHCl4 2d+7d 64430
10° Cl 4-EtCeH, CHCl4 2d 78
11 Cl CeHs CHCl4 2e+7e 67425
12° Cl CeHs CHCly 2e 80
13 Cl n-C4Ho CHCl3 2f 64
14 Cl Cyclopropyl CHCl; 2g 76
15 Cl CH,0CH; CHCl, 2h 46
16 Cl SiMe; CHCl4 2i 0
17° Cl SiMe; CH,Cl, 2i 82
18 CH;0 CeHs CHCly 2j 93

# All reactions were conducted at room temperature with 2.0 equiv of I, in solvent for 12 h and the solvent was used as received unless otherwise specified.
® The reaction was carried out at room temperature with 1.2 equiv of ICl in CH,Cl, under N, for 10 h.

¢ In this reaction, the solvent CHCl; was distilled from calcium hydride.

acetylenic moiety (R*=H) gave the diiodide as the major
product (entry 7). A bulky SiMe; group (entry 16) totally
halted the reaction and the starting material 5i was
completely recovered under these conditions. Use of the
strong electrophile ICl instead of I, afforded the desired
products 2¢ and 2i in moderate yields for 5S¢ and Si (entries 8
and 17). It is also worth mentioning that for the reactions of
5d and Se (entries 9 and 11), the corresponding o-ketone
byproducts 7d and 7e resulting from water attacking onto
the iodonium intermediates were also isolated (entries 9 and
11);* the a-ketone byproducts could be reduced substan-
tially when the above reactions were carried out in
anhydrous CHCI; (entries 10 and 12) (Fig. 2).

[ R? R?2
ore Jock
R P(OEY), R P(OEt),

0
6 7

Figure 2. The structures of 6 and 7.

We next studied the bromocyclization reaction of 5a. Under
the similar conditions used for the iodocyclization of Sa, the
reaction of Sa with 2.0 equiv of NBS in CHCl; at room
temperature for 48 h did not lead to any cyclization products
but rather to an unidentified product (Scheme 1). This result
was not surprising. Iodocyclization of unsaturated com-
pounds is one of the most important procedures to construct
various heterocycles containing N, O, S atoms.® However,
there are far fewer reports about bromocyclization
reactions’ and especially chlorocyclization reactions,’"
probably because of the stability of the corresponding
halonium intermediates decreasing in the order of 1> Br>

Ph
=
2.0 equiv. NBS
—_—
CHClj
rt, 48 h

no cyclization product

,',3 (OEt), was observed
(0]

5a

Scheme 1. The reaction of 5a with NBS in CHCl;.

C1.® It has been reported that iodocyclization of alkenyl-
phosphonic acid diesters could proceed smoothly, while
under the similar conditions, bromocyclization of the same
substrates only led to dibromides.” Although Shibuya and
co-workers at last synthesized phostones by bromocycliza-
tion of alkenylphosphonic acid monoesters, they did not
extend it to the chlorocyclization reactions.'® The weak
nucleophilicity of phosphonyl group and the lower
reactivity of alkynes towards electrophilic reagents than
that of alkenes might add more challenge to our proposed
halocyclization reactions.

We then investigated the reaction of 2-(phenylethynyl)
phenylphosphonic acid monoester 8a with NBS. When
using CHClj; as the solvent, the reaction of 8a with 2.0 equiv
of NBS at room temperature for 24 h afforded only a trace
amount of the cyclization product 3a. However, we were
pleased to see that when using DMF as the solvent, the
reaction of 8a with NBS gave 3a as the single product in
74% isolated yield (Table 2, entry 1). We thought that the
solvents had a large effect on the reaction largely because
the solvent DMF could act as a Lewis base to enhance the
nucleophilicity of the phosphonyl oxygen."''

To explore the scope of this bromocyclization reaction, a
series of 2-(1-alkynyl)phenylphosphonic monoesters 8 were
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Table 2. Synthesis of phosphaisocoumarins via bromo- and chlorocyclization of 8*

R? X
= _ R2
2.0 equiv. NXS X
_—
1 P//O DMF R1 /O
Et0” oH 1t o “OEt
8 3: X=Br
4: X =Cl

Entry R! R? NXS Product Yield (%)°
2 cl CHs NBS 3b 84

3 Cl 4-EtCgHy NBS 3¢ 85

4 Cl Cyclopropyl NBS 3d 73

5 cl n-CyqHo NBS 3e 85

6 Cl CH,OCH3 NBS 3f Trace
8 H CeHs NCS 4a 73

9 Cl CgHs NCS 4b 66

10 Cl 4-EtCeHy NCS 4c 69

11 Cl Cyclopropyl NCS 4d 73

12 Cl n-C4Hg NCS 4e Trace
13 Cl CH,OCHj; NCS 4f Trace
14 CH;0 CeHs NCS 4g Trace

* All reactions were conducted at room temperature with 2.0 equiv of NBS or NCS in DMF for 24 h.

® Isolated yield.

allowed to react with NBS or NCS in DMF at room
temperature and the results are summarized in Table 2.
Apparently, the substituents and electrophiles have large
effects on the reaction. The substrates 8a—d with aryl and
cyclopropyl groups on the acetylenic moiety could react
with both NBS and NCS to give the desired products in good
to excellent yields (entries 1-4, 8—11). The substrate 8f with
an electron-withdrawing methoxymethyl group did not
participate in either bromo- or chlorocyclization reaction
(entries 6 and 13). The reaction of 8e having a n-butyl group
on the acetylenic moiety with NBS produced the desired
product 3e in 85% yield (entry 5), but most of the starting
material 8e was recovered even after extended exposure to
NCS under the same conditions (entry 12). Moreover, the
reaction of 8g bearing an electron-donating methoxy group
on the benzene with NBS gave the product 3g only in 51%
yield (entry 7), and the chlorocyclization of 8g did not
proceed at all under our conditions (entry 14). It is also
worth mentioning that no 5-exo-dig> cyclization products
were detected in each case. The bromo- and chlorocycliza-
tion products are assigned as 3 and 4 based on comparison
of their IR, 'H NMR, *'P NMR spectrum with those of 2.*

We rationalized our results by plausible mechanisms shown
in Scheme 2. Electrophilic addition of I,, ICI, NBS or NCS
to the C-C triple bond might form the corresponding
intermediates A, B or C; their stabilities and the
nucleophilicity of the phosphonyl oxygen play crucial
roles in determining whether the alkynylphosphonates will
cyclize or not. Intramolecular nucleophilic attack by the
phosphonyl oxygen onto the position 2 of A or C would give
the desired products 2, 3 or 4. Alternatively, the phosphonyl
oxygen might also attack onto the position 1 of A or B to
give the five-membered-ring products. However, all the
examined substrates showed high regioselectivity for six-
membered-ring products, indicating that the 5-exo-dig
process was very disadvantageous for 2-(1-alkynyl)phenyl-
phosphonates. The above regioselectivity might be caused

by the following factors: (1) the longer bond lengths of C—P
and P-O would make the phosphonyl oxygen much closer to
the farther position of the triple bonds; (2) the tetrahedral
phosphonates might further increase the ring strain and
lower the stabililty of the corresponding five-membered-
ring products. Thus, the substrates (e.g., 8e and 8g), bearing
groups that can better stabilize the benzylic cations B other
than intermediates C, did not proceed the chlorocyclization
reactions smoothly (Table 2, entries 12, 14). By way of
contrast, the substituents have fewer effects on the iodo- and
bromocyclization than on the chlorocyclization, probably
because iodonium ions compete more effectively with open
carbocations than bromonium ions, chloronium ions
compete less effectively,® and it is difficult for open
carbocations B to form the desired cyclization products.

R2
=
0
R P Z=Et(5),H(8)
EtO oz
|2, ICI, NBS or NCS
X* _R? X R2
O\)/j Ofﬁ—» <o
Z/\Q;‘ OEt /\_/4 OEt

C
N\ xR, 7‘
m |
/O
OE R’ o ot

=1 (2), Br (3), Cl (4)

Scheme 2. Plausible mechanisms of the halocyclization of 2-(1-alkynyl)
phenylphosphonates.
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3. Conclusions

In conclusion, a series of 4-iodophosphaisocoumarins were
prepared with high regioselectivity in good yields via
iodocyclization of 2-(1-alkynyl)phenylphosphonic acid
diesters with I, in CHCl; or ICI in CH,Cl,, and 4-bromo-
and 4-chlorophosphaisocoumarins were synthesized by the
reaction of 2-(1-alkynyl)phenylphosphonic acid monoesters
with NBS and NCS in DMF. These halocyclization
reactions have been much affected by the substituents of
the substrates, reaction solvents and electrophiles, which
could be rationalized by the proposed mechanisms in this

paper.

4. Experimental
4.1. General

NMR spectra were all recorded on a Varian Mercury 300
spectrometer using CDCl; as the solvent. The '"H NMR
spectra used CDCl; (with TMS) as the internal reference at
7.27 ppm. *'P NMR spectra used the 85% H;PO, as the
external reference. MS spectra were determined using a
HP5989A mass spectrometer. IR spectra were measured on
a Y-Zoom Cursor instrument. Starting materials 5 and 8
were prepared as described previously.''

4.2. General procedure for the halocyclization of 5 by I,

A mixture of 5§ (0.50 mmol) and I, (1.00 mmol) was
dissolved in CHCl; (5.0 mL). After stirring at room
temperature for 12 h, the reaction mixture was then diluted
with EtOAc and washed with 5% aqueous Na,S,0;. The
organic phase was washed with brine, dried (Na,SO,), and
evaporated in vacuo. The residue was chromatographed on
silica gel using hexane/EtOAc as eluent to give the
corresponding product 2.

4.3. General procedure for the halocyclization of 5 by ICl1

To the substrate 5 (0.10 mmol) was added IC1 (0.12 mmol)
in CH,Cl, (1.2 mL), and the resulting mixture was stirred in
the dark under nitrogen at room temperature for 10 h. The
reaction mixture was then diluted with EtOAc and washed
with 5% aqueous Na;S,05. The organic phase was washed
with brine, dried (Na,SO,), and evaporated in vacuo. The
residue was chromatographed on silica gel using hexane/
EtOAc as eluent to give the product 2.

For the characterization data of compounds 2 in Table 1, see
the Supporting information of Ref. 4.

4.4. Characterization data for compounds 6a, 6¢, 7d, and
7e listed in Table 1

4.4.1. Diethyl 2-((E)1,2-diiodo-2-phenylvinyl)phenyl-
phosphonate (6a). Red oil. '"H NMR (300 MHz, CDCl5):
0 8.20-8.23 (m, 2H), 7.50-7.88 (m, 7H), 3.97-4.11 (m, 4H),
1.28 (t, J=6.9 Hz, 6H); MS (EI), m/z (%): 441 [M—T)",
51,412 (2), 385 (2), 241 (82), 213 (28), 185 (100), 167 (22),
105 (19), 77 (25); IR (film, cm~"): » 3062, 2924, 1596,
1450, 1209, 1146, 1099, 1019, 934.

4.4.2. Diethyl 2-((E)1,2-diiodovinyl)phenylphosphonate
(6¢). Red oil. "H NMR (300 MHz, CDCl5): 6 7.83-7.93 (m,
1H), 7.33-7.53 (m, 2H), 7.11-7.23 (m, 2H), 4.00-4.19 (m,
4H), 1.25-1.34 (m, 6H); MS (EI), m/z (%): 365 [M—D)",
861, 336 (30), 309 (100), 291 (10), 182 (46), 165 (23), 153
(43), 136 (26), 118 (21); IR (film, cm ™ '): v 3058, 2980,
1592, 1466, 1391, 1243, 1140, 1081, 1049, 1024, 970.

4.4.3. {5-Chloro-2-[2-(4-ethyl-phenyl)-2-oxo-ethyl]-
phenyl}-phosphonic acid diethyl ester (7d). Pale yellow
oil. '"H NMR (300 MHz, CDCl3): 6 7.90-7.98 (m, 3H),
7.19-7.50 (m, 4H), 4.66 (s, 2H), 3.96-4.11 (m, 4H), 2.72 (q,
J=17.5 Hz, 2H), 1.20-1.27 (m, 9H); MS (EI), m/z (%): 394
(M