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In the last two decades, new materials based on the versatile
1,3-dithiole ring (DT) have been developed. The funda-
mental DT building block possesses several intrinsic
molecular properties that make it attractive to the synthetic
chemist as well as to the physical chemist. The 1,3-dithiole
ring is considered to be the main part of dithiafulvalene
(DTF) or tetrathiafulvalene (TTF) which could be named as
five-membered rings similar to 1,3-selenathiole or 1,3-
diselenole (Chart 1).

Although in recent years several chemical modifications
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1. Introduction blocks for macro- and supramolecular chemistry at the

molecular level, the chemical modifications carried out on
the TTF skeleton are aimed at increasing the electrical
conductivity.'* There are several ways in which the basic
TTF framework can be modified to give new functionalized
m-donor systems useful for specific applications. Following
the first report of the synthesis of TTF in 1970,' the main

! $ de $
To: T T - I
2 2 2/Es
4[s>2 J s> | sg d S
3 3 3 3

have been carried out on the TTF unit to prepare building Chart 1.

1,3-dithiole 1,3-Selenathiole1,3-diselenolel,3-dithiol-2-thione
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direction of efforts in the area of DT-based donors was
towards centrosymmetric TTF derivatives substituted in the
2,3 and 6,7 positions, and subsequently towards selenium
and tellurium analogues of TTF.

The oxidation potentials of TTF are established from cyclic
voltammetry (CV) and are relatively low. For TTF, the
reported half-wave potentials are E!, =0.37 V and E7, =
0.67 V in dichloromethane CH,Cl, vs a saturated calomel
electrode (SCE)'® (Scheme 1).

® ® ®
S S S S 5 S
(0= 0=
S S S S S s
TTF

Scheme 1.

Organic superconductors are considered as part of the
organic conductor family, which includes; molecular salts,
polymers and pure carbon systems such as carbon nanotubes
and Cg, compounds. The molecular salts within this family
are large organic molecules that exhibit superconductivity
properties at very low temperatures. For this reason, they are
often referred to as *molecular‘ superconductors.

About 50 organic superconductors have since been found
with T.s extending from 0.4 to near 12 K at ambient
pressure. Since these 7.s are in the range of Type 1
superconductors, engineers have yet to find a practical
application for them. Their rather unusual properties,
however, have made them the focus of intense research.
Organic superconductors are composed of an electron donor
such as a tetrathiafulvalene and an electron acceptor.

Ferrocene is one of the simplest organometallic molecules.
It has a sandwich structure with the iron sandwiched
between two five-membered carbon rings (CsHs). It is
named as dicyclopentadienyliron (CsHs),Fe and is orange
in color with a distinct smell. The discovery of ferrocene
revolutionized the area of organometallic chemistry.

This review describes the classification, synthesis and
applications of dithiafulvalene (DTF), tetrathiafulvalene
(TTF), ferrocene-dithiafulvalene (Fc-DTF), and ferrocene-
tetrathiafulvalene (Fc-TTF) derivatives and their related
analogues with different substituents at the 4,5- and 4',5'-
positions in the TTF system. Precursor materials for
tetrathiafulvalenes and tetraselenafulvalenes (TSFs) and
their related compounds, namely 1,3-dithiole, and 1,3-
diselenole derivatives and their phosphonates or phosphor-
anes are also described.

1.1. Dithiafulvalenes (DTFs)

The chemistry of dithiafulvalenes 1-3, ferrocene 4,
thiafulvalenes incorporated into the ferrocene moiety S
(Chart 2) and tetrathiaselenafulvalenes 6-9 (Chart 3) and
related homologues has been intensively studied since the
discovery of the first metallic charge-transfer TTF com-
plex.' The high electrical conductivity of the chloride salt of
TTF 6' and metallic behavior in the charge-transfer

oy o~

R2
2
R4 =R, = CHj, R = alkyl, aryl R4 =H, alkyl
Ry, Ry = CH=CH-CH=CH, R, = alkyl, aryl
R = alkyl, aryl
R
=
g *tb Py S>=/\]:©
e
<
R =H, p-MeO, p-Me,N, R =H, Me, 2-C4H3S,
p-Me, p-Cl, 2-C4H30, Ph
Chart 2.

TTF (6) BEDT-TTF (7)
RIS% SGIR =0
R Se Se R S S

TSF (8) DB-TTF (9)
Chart 3.
complex with 7,7,8,8-tetracyano-p-quinodimethane

(TCNQ), along with the synthesw 0f a huge number of
TTF derivatives, have been studied.””

1.2. Tetrathiafulvalene (TTF) and its derivatives

Recently, the tetrathiafulvalenes (TTFs), (Chart 3) have
become an interesting theme of organic synthesis. This is
due to the high electrical conductivity and super conductor
properties of these highly sophisticated compounds.” It
was also reported that the tetrathiafulvalenes have a good
mt-donor ability.°

1.3. w-Extended tetrathiafulvalenes (ex-TTFs)

The syntheses of two dithiole rings separated by a
conjugated spacer have received great attention as a
consequence of their potential interest in the preparation
of compounds with nonlinear optical properties or useful as
semiconductors. The synthesis of derivatives and analogues
of dithiafulvalene and tetrathiafulvalene is of considerable
interest.’

It is known that the extended TTF derivatives having a
p-quinodimethane structure (10-13, Chart 4) have been
used as strong electron donors due to the extended
conjugation which results in a decrease of the intra-
molecular on-site Coulombic repulsion® and for the
formation of monostoichiometric complexes with acceptor
molecules, on the basis of their different sizes.’
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In contrast to TTF 6 and its derivatives, the p-quino-
dimethane analogues of TTF form stable dication species,
which form CT complexes with electrical and magnetic
properties.”'* In spite of the interest in these m-extended
p-quinodimethane analogues of TTF in the search for new
opto-electronic properties, the synthesis of -extended
p-quinodimethane connected directly to a ferrocene moiety
in addition to highly conjugated TTF units seems to be
worthy of study.

1.4. Ferrocene-tetrathiafulvalenes (Fc-TTFs) as electron
donors

Due to the structural and electrochemical properties of
ferrocene-containing tetrathiafulvalene derivatives, several
ferrocene-tetrathiafulvalenes 14, 15, (Chart 5) were con-
structed as donors for conducting CT complexes. The first
compound belonging to this class of donor conducting
materials has been reported by Ueno et al.'' A very similar
type of donor molecule has also, recently been reported by
Bryce and co-workers.'” Several CT complexes of metal
bis(arene) compounds containing, among others, the
familiar organic accegptor TCNQ have been prepared.
Recently, Togni et al.'” have synthesized 1,1’-disubstituted
ferrocene derivatives 15 as novel donors for the preparation
of CT complexes, which are structurally and electronically
related to the TTFs conjugated with a ferrocene moiety.
Togni'* observed that, none of these materials has been
shown to display physical properties superior to those of the

S S R s
el <t & =1
= S @[S_

S R 15

R =H, Me, p-MeCGH4, C4H3S, C4H3O

14

Chart 5.

R

R3
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S

S
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metallocene systems. We described very recently the
synthesis and properties of novel TTFs derivatives 15.'*

Tetrathiafulvalenes have received considerable attention
due to their ability to serve as electron donors in charge-
transfer salts that behave as organic metals. The synthesis of
tetrathiafulvalenes and tetramethyltetrathiafulvalene
(TMTTF) from 1,3-dithiol-2-thione or 4,5-dimethyl-1,3-
dithiol-2-thione in order to use these materials as organic
conductors is of interest and the synthetic details are
discussed in Section 6.

2. Synthesis of phosphonate, phosphorane and thione
derivatives as precursor materials

Heteroaromatic cations such as pyrilium, thiopyrilium,
pyridinium, thiazolium, and dithiolium have been syn-
thesized from the corresponding compounds 16-19
(Chart 6) as attractive targets of research for synthetic
chemists. The preparation and use of dithiolium salts have
acquired renewed interest in connection with the synthesis
of tetrathiafulvalene derivatives. The synthesis of fulvalenes
starting from 1,3-dithiolium salts has been reported in the
literature. '®

2.1. Synthesis of 2-dialkoxyphosphinyl-1,3-benzo-
dithioles

2-Dimethoxyphosphinyl-1,3-benzodithiole (19; R=Me)
was prepared from anthranilic acid in several steps by
following well-established procedures.'® 2-Methylbutoxy-
1,3-benzodithiole (20) was obtained through four reaction
steps from anthranilic acid. This method was modified by
Sarhan and Izumi'®® and 2-methylbutoxy-1,3-benzodithiole
(20) was obtained in 77% yield. Reaction of the 2-methyl-
butoxy-1,3-benzodithiole (20) with HBF, in acetic
anhydride gave the corresponding 1,3-benzodithiolium

(0] (0]
1 s Ry s R4 s ” s ”
P(OR), P(OR),
o~ T ] X
S
R; S Ry S H S H
7 18 19

R4, Ry =H, alkyl, etc

Chart 6.
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fluoroborate (21) in good yield. Refluxing of the fluoro-
borate 21 with trimethyl phosphite P(OMe); in acetonitrile
in the presence of Nal afforded 19 in 82% yield,
(Scheme 2).'¢

COOH
@[ RONO/ROH, CS,
CHCI3/CICH,CH,CI

NH
2 reflux, 100 min, 77%

Me 20
R=H,C. L ¢HBF4
Me
P(OMe)3,
@ES>< H Nal, MeCN @@}H BE
.
S ,P(OMe), 82% S
19 O
Scheme 2.

2.2. Synthesis of 4,5-dialkylthio-1,3-dithiole-2-
phosphonate esters

The known thiones 22 were methylated using neat dimethyl
sulphate (DMS) to yield the dithiolium cation 23. Reduction
of the cationic salt 23 with sodium borohydride gave the
thioether derivative 24, which, on treatment with acetic
anhydride, followed by the addition of tetrafluoroboric acid,
gave the dithiolium cation salt 25 as a white solid. Salt 25
reacted with trimethyl phosphite to afford the phosphonate
ester 26 in high yield (Scheme 3)."”

RS_ s o RS

I /\:S B —
rRs” S RS
22 23

R =H, Me, n- C18H37

P(OMe

s
I >t—sMe G,
S  BF,

(iv)

2.3. Synthesis of phosphoranes

Methylation of 1,3-dithiole-2-thione 27 using dimethyl
sulphate (DMS) gave the tetrafluoroborate salt 28. The
cation 28 was reduced by sodium borohydride to give the
thioether derivative 29. Conversion of compound 29 into the
cationic salt 30 occurred readily upon treatment with acetic
anhydride followed by the addition of tetrafluoroboric acid.
The corresponding phosphonium salt 31 was obtained from
the cation 30 on treatment with triphenylphosphine (PPhj).
The generation of the phosphorane derivative 32 from 31
proceeded smoothly under basic conditions (Et;N) in
tetrahydrofuran as the solvent (Scheme 4).18

Phosphoranes were obtained via modification of the method
reported in the literature by Cava et al.'® Treatment of the
carbon disulfide-tributylphosphine adduct with dimethyl
acetylene-dicarboxylate 33 and fluoroboric acid at —65 °C
gave the phosphorane 17, which was trapped by protonation
and the resulting cation 34 was isolated in 72% yield
(Scheme 5).

2.4. Synthesis of 1,3-dithiol-2-thione derivatives

The synthetic strategy described by Benitez and
Grunwell®® for the preparation of 1,3-dithiol-2-thione
derivatives was adapted for compound 16a (R=H) and
16b (R=COOMe) as shown in Scheme 6. Treatment of
phenylacetylene or its related ester with carbon disulfide at
140 °C using an autoclave in the presence of bis-morpholine
disulfide gave the corresponding 1,3-dithiole-2-thione
derivatives 16a,b, in low yield, respectively.?

RS_S_ H
I X
S SMe
24
l(iii)

RS

I><

s
:[ >EH BF,
s

25

RS

(1) DMS, 100°C, 1 h, then HBF,-Et,0, 0°C, 1 h. (i) NaBH,/EtOH, 20°C, 3 h.
(iii) Ac,O, HBF-Ety0, Et,0, - 5°C, 1 h. (iv) P(OMe)s, Nal, MeCN, 20°C, 2 h.

Scheme 3.

(=

28

( I Dpen [ I

PPh BF,

6 SN o S<_S_ H
—»[ I >*—SMeBF4ﬂL>[ :[ X
s~ 'S g7 8" “sMe

29

l(iii)
~ [ :[ }H BF,

(i) DMS, 95-100°C, 30 min, 2. AcOH, 0°C, 10 min, 3. HBFy, 0°C, 10 min, 90%.
(i) NaBH,/EtOH, 0°C - 20°C, 2 h, 95%. (iii) Ac,0, 0°C, HBF,, 0°C, 15 min, 90%.
(iv) PPhy/MeCN, 20°C, 2 h, 95%. (v) EtzN /THF, - 78°C, 30 min, 2 h.

Scheme 4.
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R1 S
ReP* CSz_ Ri s HBF PR;"
H [ =er, e X
65°C S s HBF,
R 4

2 2
R2
33 17 34

Ri1=Rpo = COOMe; R=Bu

Scheme 5.

= ) Iﬁ

R' = Ph; R? = H, COOMe

16a; R2 H (31%)
16b; R? = COOMe (25%)
i) CS,, bis-morpholine disulfide, 140°C, autoclave, 20 h.

Scheme 6.

2.5. Synthesis of 1,3-dithiol/diselenol-2-thione/selenone
derivatives

Otsubo et al.?! have reported that the synthesis of a number
of 1,3-dithiol/diselenol-2-thione/selenone derivatives 37
proceeded upon treatment of 2-(3-butynyl-oxy)tetrahydro-
2H-pyran 35 with n-butyllithium (rn-BuLi) at —70 °C in
THF to generate the intermediate 36, which was succes-
sively reacted with elemental selenium at —70°C and
carbon diselenide at —90 °C. The resulting vinyl anion was
quenched by the addition of ethyl (or methyl)thiocyanate to
give the corresponding 1,3-diselenol-2-selenone derivative
37a (X=Y =Se, R=SEt) in 80% yield. Successive one-pot
treatment of the lithium acetylide with selenium, then CS,,

y 35

a; X =Y =Se, R = SEt.

and finally ethyl thiocyanate gave the hybrid 1,3-thiasele-
nol-2-thione 37b (X=Se, Y=S, R=Se) in 95% yield.
Similarly, a successive treatment with sulfur, carbon
diselenide, and methyl thiocyanate afforded the 1,3-
thiaselenol-2-selenone 37c. Quenching of the intermediate
36 with selenium and methyl iodide instead of alkyl-
thiocyanate afforded the corresponding methylseleno
derivatives of 1,3-thiaselenole 37d and 37e respectively,
(Scheme 7).

2.6. Synthesis of 4,5-ethylenedioxy-1,3-dithiol-2-thione

Reaction of 2,3-dichloro-1,4-diox-2-ene 38 with sodium
dimethyldithiocarbamate afforded the bis(dithiocarbamate)
39 in good yield and refluxing 39 in toluene gave 40 in 95%
yield. Bromination of 40 in CH,Cl, produced the bromide
derivative 41, which on dehydrobromination under reduced
pressure at 110 °C afforded 42 in quantitative yield. The
reaction of 42 with sodium hydrogen sulfide in an ethanol/
acetic acid mixture gave the thione 43 in 73% yield
(Scheme 8). 22,23

2.7. Synthesis of tetrathiapentalene and related
derivatives

Several derivatives of 1, 3 4 ,6-tetrathiapentalene 44, 1,3-
diselenol-2-selenones 45 and 1,3-dithiol-2-diethoxy-
phosphonate esters 46>> (Chart 7) were synthesized using
different methods. The synthesis and reactions of these
compounds were reviewed by Narita and Pittman,?® Krief,?’
and Fanghanel et al.”®*°

Treatment of 1,3-dithiole-2-one 47 with sodium methoxide,
and then with o,a-dichloromethyl methyl ether afforded 48.

OTHP THPO X _ THPO X
ol T

I O ~x X

36 37

b: X=S8e, Y =S, R=SEt

c;X=S,Y=8Se,R=SMe.d; X=Se, Y =S5, R=SeMe
e; X=8,Y =8Se, R=SeMe

i) 1) n-BuLi, TMEDA, THF. 2) S or Se. 3) CS, or CSe,

ii) EtSCN (MeSCN) or Se then Mel, 63-95%.

Scheme 7.

o}
39

s
o c
38

[OI SCSNMe,
SCSNMe,

[O]/ SCSNMe,
o)

l(iii)

+ Br +
O s ONGE - ol s
[ I =g < [ I S=NMe Bﬂﬂ)-[ :t =—NMej Br
o S (@) S 1) S
43 42 41

(i) NaSCSNMe,, DMF, 70°C, 4 h. (ii) toluene, reflux, 15 h. (iii) Bro/CH,Cly, 0°C.
(iv) 15 Torr, 110°C, 5 h. (v) NaSH, EtOH/ACOH, rt, 2 h.

Scheme 8.
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Chart 7.
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S SCPh S
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o~ e 0
S SCPh S
7 o 48
ii) P(OEt)3, Nal, acetone, rt, 12 h, (83%).

Scheme 9.

This one-pot reaction was carried out in acetone to avoid the
reaction of a,a-dichloromethyl methyl ether with solvents
like methanol. The reaction of 48 with aqueous hydrofluoro-
boric acid gave the corresponding 1,3-dithiolium salt 49,
which was converted into a phosphonate 50 by treatment
with triethyl phosphite in the presence of sodium iodide
(Scheme 9).%

3. Synthesis of dithiafulvalenes and related analogues

A number of dithiafulvalenes 1 and 2 (Chart 8) were
prepared from the reaction of phosphonate esters 18, 19
phosphoranes 17, 32 and or 1,3-dithiol-2-thione derivatives
16 with different mono carbonyl compounds in moderate to
high yields by adopting the well-established Wittig—Horner
procedures.'®

Rios_H S8 R
(= (1=

RZIS R SISZ, R,

R1 =Ry =Me, R = alkyl, aryl R1 =H, alkyl

R1, Rp = CH=CH-CH=CH, R = alkyl, aryl R, = alkyl, aryl

Chart 8.

3.1. From reaction of glyoxal with phosphonate or
phosphorane derivatives

Aqueous glyoxal with phosphorane 32 underwent a Wittig
reaction to give the corresponding dithiafulvalene 51, in
82% yield, which is considered as potential precursor to
vinylogous BEDT-TTF systems (Scheme 10).'®

Ei/tgo

EtsNITHF
[I/\ PPhs— crioy 3cHo

- 78°C, 82%
32

Scheme 10.

3.2. From carbonyl compounds

The reaction of 2-triphenylphosphino-1,3-benzodithiole
tetrafluoroborate 52 or benzo-1,3-dithiole-2-phosphonate
19 (R=Me) with n-butyllithium in THF at —78 °C gave
phosphorane 53 or phosphonate carbanion 54. The reaction
of 53 or 54 with a wide variety of carbonyl compounds
afforded the corresponding dithiafulvalenes 1 in very good
yields (Scheme 11).'%3°

n-BuLi
>< BF4 HF /EPPh3

* >~©E>=<
s. P(OR), Li'

OR .
@[ >< n-BuLi >—P OR), . 1
S" “H THF i=

19; R = Me 54 2

Scheme 11.

3.3. From anthrone or flurenone and or xanthone

The reaction of anthrone, flurenone or xanthone 55 with
2-methylthio-1,3-dithiolium iodides 56 in a refluxing
pyridine/acetic acid mixture afforded the corresponding
dithiafulvalenes 57 in good yields. The dithiafulvalenes 57
were also obtained by using the Wittig—Horner cross-
coupling reaction between 55 and phosphonate ester 19 in
THF at —78 °C in the presence of n-BuLi (Scheme 12).20’31

O I \>—SMe

R
X = RS I
O or 19, n-BuLi, THF, -78 °C

X =0, flurenone

55 X = CHy, anthrone
X =8, xanthone

Scheme 12.
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i) MeOTY, CH,Cl,, 20°C, 1 h.

. t

Q S CHzoSIthBU
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i) mnthrone, pyridine/AcOH, O

55°C, 3 h then 120°C, 3 h. 60

$”“CH,0SiPh,Bu'
Scheme 13.

3.4. Horner—Wadsworth—-Emmons olefination reaction

The 1,3-dithiol-2-thione derivative 58 was methylated with
MeOTF in dichloromethane at 20 °C to give the unstable
salt 59, which was sufficiently pure for immediate reaction
with the anion of anthrone according to Horner—
Wadsworth—-Emmons olefination, which gave the dithia-
fulvalene derivative 60 in 70% overall yield (Scheme 13).%?

3.5. From 2-thiophenecarboxaldehyde or 2-acetyl-
thiophene

Wittig-Horner olefination of 2-thiophene-carboxaldehyde
or 2-acetylthiophene with phosphoranes 17 and/or phos-
phonates 18, 19 gave the 4,5-disubstituted-1,3-dithiol-2-
ylidenes 61 and 62, respectively, in good yields
(Scheme 14).3'3

4. Synthesis of diazafulvalenes

Reaction of the amidine derived from isobutyric acid with a
bisimidoyl chloride in acetonitrile as the solvent in the
presence of triethylamine (TEA) as a basic catalyst under
reflux for 3 h afforded the diazafulvalene derivative 4,5-
bis(p-tolylamino)-2-propan-2-ylidene-1H,2H-imidazole
(63) in 57% isolated yield (Scheme 15).**

R
R4 S i) 1 S
I =PR; :[
R, S R, S
17; R = Ph, Bu

R =H, Me

/

61; R{ =Ry = SMe
62; Ry, Ry = (CH=CH),

5. Synthesis of ferrocene-dithiafulvalenes (Fc-DTFs)

Ferrocene has attracted the interest of many scientists and
research groups worldwide because of its apglications in
materials science and asymmetric synthesis.”> Ferrocene
chemistry was revived during the recent years because
ferrocenyl derivatives have found numerous uses in various
fields of science from biology to materials chemistry.*® Due
to the inherent importance of ferrocene as a starting material
in synthetic organometallic systems and its industrial
applications, ferrocene and its derivatives have become an
important area of interest for many researchers and
industrial chemists. It was reported that ferrocenyl alkenes
and dienes are important substrates for the synthesis of
copolymers and homopolymers, which are used as coating
materials for aerospace apglications to increase resistance
towards photodegradation.’” Ferrocene-1,3-butadiene has
been used as a fuel in solid propellants.’” Polymers
containing directly linked ferrocene centers have been
prepared and many studies on linked ferrocene dimers and
oligomers have also been reviewed.*® Several compounds
bearing ferrocenyl moieties have been synthesized and used
for the chemotherapy of drug-resistant cancer and tropical
diseases.*® It is also known that ferrocene behaves in many
aspects like an aromatic electron-rich phenol compound,
and this has led to its use as a precursor for the synthesis of
several crown ethers, azacrown ethers and thiacrown
ethers.*® It has been reported that a wide variety of
macrocycles, cryptands, and cavitands containing the
ferrocene unit have been synthesized and characterized*®
and that ferrocenes have been incorporated into a number of
anion sensors.*' It is now more than 50 years after the
discovery of ferrocene and this compound has shown a
continuously growing rich chemistry. Effectively, ferrocene
is currently employed as a crucial component for redox-
active chemical sensors for the voltammetric detection of
cations as well as anions and metal-containing signaling
probes for the detection of estrogen receptors, and DNA
hybridization, thus opening the way to DNA and gene
sensors. Classical areas of ferrocene materials chemistry
such as liquid crystals, and conductive, magnetic and optical
devices nowadays co-exist with emergent areas such as
electron-transfer devices and ferrocene dendrimers.*> The

S
Y

0
1

R ) Ris-S_ _POMe

) Ix( )2
R S H

18; R1 =Ry = SMe
19; Rq, Ry = (CH=CH);,

i) 2-thiophenecarboxaldehyde or 2-acetylthiophene, n-BuLi, THF, - 78°C, 20 min, rt, 24 h.

Scheme 14.
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Scheme 17.

magnetic properties of charge-transfer CT complexes of
peralkylated ferrocenes and other metallocenes have led to
the discovery of the first organometallic bulk ferromagnet
dicyclopentadienyliron—tetracyanoethylene complex
[FeCp,][TCNE], which has been intensively studied by
Miller and co-workers.*> The synthesis of ferrocene
compounds bearing heterocyclic rings and the study of the
biological and electrochemical behavior of these new
ferrocenyl heterocycles seem to be of interest, since a
marked biological activity has appeared recently for the
ferrocene derivatives.

5.1. From formylferrocene or acetyl/aroylferrocenes

Treatment of phosphonate ester 19 with ferrocenyl ketones
64a—f using the Wittig—Horner method in the presence of
n-BuLi at —78 to ~0°C in dry THF afforded the donor
compounds 5a—f in variant yields. Upon using the same
method with 1-benzoylferrocene 64c, the target compound
Sc¢ could not be obtained and an unknown product was
isolated in good yield.*> A slight modification was made to
this method by the addition of the ferrocenyl ketone 64c¢ to
the dithiolium solution at 0 °C with continuous stirring
which led to the formation of S¢ (R=Ph) in low yield
(Scheme 16).

Furthermore, the syntheses of 1,4-dithiafulvalene-
substituted ferrocene derivatives 65a—d have also been
achieved by Bryce et al.*® upon reaction of formylferrocene
64a or acetylferrocene 64b with phosphonate esters 18
(Ry=H, Me, Sme or COOMe) in THF in the presence of
n-BuLi to afford the corresponding ferrocene-dithiafulva-
lene derivatives 65a—d in high yields (Scheme 17).

The reaction of 1,1’-dithienoylferrocene (66) with the
phosphonate ester 19 according to the Wittig—Horner
procedure gave the ferrocene-dithiafulvalene 67 as the
major product rather than the ferrocene-tetrathiafulvalene.
The yield of this reaction was low and the starting ketone 66
was recovered in 73.5% yield (Scheme 18).’

[/pun

n-BuLi/THF I >_ﬂ/©
D-BuLiTHF
0,
78°C R S

65a-d @

,b; Ry =Me
Me, d; Ry = COOMe

(e}
7
? +CI i/ \ AICI3/CH,Cly s - S /
S 0-25°C, 57% —
4 (1 mol) (2 mol) 66
X (o}
\ S_H
S X
72 S P(OMe),
— Fe S 19 O
J |
n-BuLi, THF, - 78°C
o 67
Scheme 18.

On reaction of 1,1’-diacetylferrocene with phosphonate
ester 19 (R=Me) the expected 1,1’-bis[(benzo-1,3-dithiol-
2-ylidene)ethyl]ferrocene DTF-Fc-DTF (15, R=Me) was
obtained in 28% yield. In addition the unexpected
ferrocene-dithiafulvalene (Fc-DTF) 69 was also isolated in
25% yield. The formation of Fc-DTF 69 was explained by
dehydration of 68, Scheme 19.3

Me Me

s 0 s
—_—

Fe S Fe S

HO Me Me

68 (M* 464) 69 (M* 446), 25%

Scheme 19.

Compounds 74 and 75 were obtained in 35 and 39% yields,
respectively, from 1,1’-diformyl-ferrocene 70 by stepwise
addition of the Wittig reagent generated from p-MeOCgHy4-
CH,P " Ph;Cl~ 71 by deprotonation with MeOLi in MeOH/
DMF mixed solvents to form 72, followed by the addition of
either 19 or 73 (Scheme 20)."?
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Scheme 20.

5.2. From reaction of ferrocenecarbonyl-2-butyne with
bisdithiolothiazine ketothiones

4(5)-Ferrocenecarbonyl-1,3-dithiol-2-ylidene derivative 79
was obtained in high yield from the starting ferrocene-
carboxaldehyde 64a according to literature procedures.*?
Treatment of 64a with ethynylmagnesium bromide gave the
propargylic alcohol 76, which was successively oxidized
with manganese oxide (MnQO,) to 1-ferrocenyl-prop-2-yn-1-
one 77. Reaction of 77 with the bisdithiolothiazine
ketothione 78* in the presence of scandium triflate in
dichloromethane gave a Z/E mixture of 91% of the
corresponding dithiafulvalene derivatives 79
(Scheme 21).42

@AK
@

MgBr | |

OH MnO, 0

@

S»IN / N(
S\s | s

@ 79

Fe

@

Sc(OTf)3 / CH,Cly

Scheme 21.

Reaction of the propargylic alcohol 76 with n-butyllithium
followed by the ferrocene carboxaldehyde 64a gave the
expected diol 80 in moderate yield. This diol was
successively oxidized with manganese oxide to give the
1,4-bisferrocenylbut-2-yn-1,4-dione 81 in good yield.
Cycloaddition of the dione 81 with the bisdithiolothiazine
ketothione 78 in the presence of scandium triflate Sc(OTf);
in dichloromethane gave the corresponding dithiafulvalene
derivative 82 with two ferrocenyl units (Scheme 22).%

6. Tetrathiafulvalenes (TTFs)

Tetrathiafulvalene (TTF) 6 is one of the simplest symmetri-
cal tetrachalcogenafulvalenes. It was synthesized for the

o
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Scheme 22.

first time in 1970,1 although some substituted derivatives,
such as DB-TTF 9,*® had been synthesized some years
before. The tetraselenafulvalenes TSF 8,49 tetratelluraful-
valenes TTeF 83°° and diazadithiafulvalenes DADTF 84 are
three other simple symmetrical tetrachalcogenafulvalenes
that have also been reported (Chart 9).

Pl II%I

TTeF (83) R DADTF (84)

Chart 9.

Several reviews have been reported®®® describing the
synthetic approaches to the tetrathiafulvalenes and their
selenium analogues, the tetraselenafulvalenes 8. The
synthetic methods are conveniently classified according to
the general mechanistic path way found in the literature.
The preparations of the precursors of the tetrathiafulvalenes
6 and tetraselenafulvalenes 8, namely 1,3-dithiole and 1,3-
diselenole derivatives, are also surveyed.?*">° The relation-
ship between the structures of the donors and the properties
of conducting charge-transfer complexes has also been
reviewed.”

Tetrathiafulvalene (TTF) is a planar nonaromatic 147-
electron system in which oxidation to the cation radical
TTF" " and the dication TTF*" occurs sequentially at low
potentials. The sulfur atoms in the TTF core are primarily
responsible for the close packing and overlap between the
TTF-molecules. The electrochemical behavior of the
tetrathiafulvalenes enhanced the synthesis of several
TTFs, which could be used as superconductor materials.”!

Tetrathiafulvalene is a reversible and stable two-electron
donor. The contribution from 67t-electron heteroaromaticity
of both the 1,3-dithiolium cation and the dication leads to a
thermodynamically very stable donor system.’?
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6.1. Synthesis of tetrathiafulvalenes via cross-coupling
reactions

Coupling of asymmetrically substituted 1,3-dithiole-2-
thione derivatives 16 in the presence of trimethyl phosphite
P(OMe); afforded a mixture of cis-TTF 85 and trans-TTF
86 isomers in variable yields.>** A one-step synthesis
afforded TTFs 85 and 86 directly from the thione 16 in 20—
45% yield when 16 was heated with dicobalt octacarbonyl
in boiling benzene or toluene solution (Scheme 23).53

Cross-coupling reactions of 1,3-dithiole-2-thiones 16 with
1,3-dithiole-2-one 87 in an equimolecular ratio in the
presence of trimethyl phosphite afforded the corresponding
TTF products 88 in variable yields. Reduction of 88 with
NaBH,/ZnCl, afforded TTFs 89, which were able to
undergo a Mitsumobu procedure to prepare the thioesters
90. Reduction of the thioesters 90 with NaBH, in the
presence of LiCl in THF under reflux and subsequent

o= I >—< I PO o

94a; R = p-CN-CH,C¢H,CH,

b; R = p-Me-CsH,N

¢; R = 1,4-pyrazinyl-2-methyl

d;R= [g>—cH2

Scheme 25.

51-60%

COOMe

COOMe

ii)
61-83%

=T

R1 = R2 = H, SMe
R1,R2 = SCHchzs

CH,OH

i) P(OMe), reflux . ii) NaBH4/ZnCly, THF, reflux.
iii) Method A: DEAD/PPhs, MeCOSH, THF or
Method B: Me,NCH(OEt),, MeCOSH, CH,Cly,
reflux. iv) NaBH,/LiCl, THF, NH,CI/H,O.

treatment with an aqueous solution of ammonium chlorlde
efficiently afforded 91 in variable yields (Scheme 24).>*

6.2. From bis-(tetrathiapentalene-5-ones)

Decurtins et al.>> have reported that the classical synthetic
method for the preparation of functionalized TTF deriva-
tives is sometimes unsuccessful. Some TTF derivatives are
not easy to obtain via the coupling of two 1,3-dithiol-2-
thiones or -2-ones in refluxing P(OMe); or P(OEt); or PPhs.
Furthermore, this classical multistep procedure starting
from CS; results in very poor yields of the target molecules.
In this method, the key step relies on the generation of the
tetra-anion 93. The tetra-anion can be readily prepared from
2,2/-bis(l,3,4,6-tetrathiapenta1ene-5-one) (92) under care-
fully controlled conditions. The nucleophilic displacement
reaction of 93 with primary alkyl halides gave in one step
the corresponding TTF derivatives 94 in good yields
(Scheme 25).

1 ~ I
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6.3. Synthesis of BEDT-TTF and related derivatives

It has been reported that cyclohexene-fused donors have the
same framework as bisethylenedithia-tetrathiafulvalene
(BEDT-TTF), which provides many stable metallic con-
ductors and superconductors.’® The syntheses of these
donors were achieved by the cross coupling of the
asymmetric dithiol-2-thione 95 with dithiol-2-ones 96 in
the presence of triethyl phosphite P(OEt); to give the
corresponding asymmetric TTF derivatives 97-100 in 8, 2,
8 and 8% yields, respectively. The donors 97 and 99 were
synthesized in better yields upon application of the Wittig
procedure [97 (69%) and 98 (59%)] (Scheme 26).”’

Treatment of the disodium salt 102, obtained from the
diester 101, with 1,2-dibromoethane in the presence of
ammonium acetate gave 27 in good yield. Oxidation of the
thione 27 with mercuric acetate using a chloroform/glacial

PN
=< I
S s~
101

COPh
COPh

O=<1")

TTF 98

CIo=CT)

TTF 100

acetic acid mixture gave the oxo-compound 96a in
quantitative yield. Treatment of 96a with freshly distilled
triethyl phosphite at 100-110 °C gave the corresponding
bisethylenedithia-tetrathiafulvalene BEDT-TTF 103 in 61%
yields (Scheme 27). 58

The cross-coupling reaction between 1,3-dithiole-2-thiones
27 or 96a with 87 was achieved using dicobaltoctacarbonyl
Co,(CO)g to give the BEDT-TTF derivatives 105a-d in
relatively low yields. Contrary to phosphine PPhj or
phosphite P(OR)3, dicobalt octacarbonyl Co,(CO)g also
induced the predicted desulfurizing cross coupling reaction
(Scheme 28).>°

The syntheses of BEDT-TTF 103 and the parent TTF were
also achieved by the reaction of 4,5-bis(benzoylthio)-1,3-
dithiole-2-thione (101) with tetrathianaphthalene (TTN)
106, which was synthesized from compound 101 by

. S SNa S S
O =T A T s
S$” “SNa s~ S
102

27
l(iii)

iv)

(=]

(i) 1. NaOEYEtOH, rt, 20 min, 2. Et,0, -

(L=

PhCOOEt, quant. (ii) NH4OAc/MeOH,

BrCH,CH,Br, rt, 18 h, -2NaBr, 55% (iii) Hg(OAc),, CHCl; / AcOH, rt, 20 min, quant.

(iv) P(OEt);, 100-110°C, 40 min, 61%.

Scheme 27.

S Y S R4
P(OMe
(= =X e (=
s Y S R, or C02 (CO)s
27:X=Y=8 87a-b, 104a,b 105a-d
96a;: X=0,Y=S 87a;R;=R;=CO0OMe;Y =0 a; R{ =R, =COOMe
87b; Ry =COOMe, R, =H;Y=0 b; Ry = COOMe, R, =H
104a; R; = COOMe, = R, =CH,OH; Y=S  ¢; Ry = COOMe, R, = CH,OH
104b; R; =R, = SCH,CH,CN; Y=0 d; Ry =R, = SCH,CH,CN

Scheme 28.
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Scheme 29.

refluxing with cis-dichloroethylene in good yield.®” TTN
106 is a very useful starting material for the synthesis of
many organic metals and is electrochemically oxidized to
TTF. It was stated that TTN could be converted into
tetrathiafulvalene in 70% yield via reaction with LDA
(Scheme 29).%!

6.4. Synthesis of furo- and difurotetrathiafulvalenes
(F-TTFs and DF-TTFs)

Starting from 4-formyl-5-diethoxymethyl-2-thioxo-1,3-
dithiole 107a, the synthesis of F-TTF 109, DF-TTF 110
and F-TTF 112 was explained by Gorgues et al.®* In route
A, the furan cycle is first formed with the synthesis of a
fused™* [d]furo-2-thioxo-1,3-dithiole 108, followed by a
self coupling in the presence of P(OMe); to give DF-TTF
110 in 5% yield. Cross-coupling of 108 with 87 (R;=R,=
COOMe) gave the F-TTF 109 in 13% yield. On the
contrary, route B proceeds via the coupling of thione 107b
with 111 (R; =R, =SMe) in the first step to form 113 and
114, which on reduction by NaBH, produced 115 and 116.
Due to the instability of 115 and 116, the subsequent
cyclization in formic acid leads to the formation of F-TTF
112 and DF-TTF 110 in 17 and 13% yields, respectively, as
shown in Scheme 30.%

6.5. Synthesis of crown annelated tetrathiafulvalenes

The crown annelated tetrathiafulvalenes could be syn-
thesized via deprotection of the thiolate group in compounds
117 with cesium hydroxide followed by trapping with
6-bromohexane-1-ol to afford compounds 118 in high
yields. Reaction of 118 with fert-butyldiphenylsilyl chloride
in the presence of imidazole afforded compounds 119 in
very high yields. Reaction of compounds 119 with thione
derivative in the presence of triethyl phosphite gave the
tetrathiafulvalene derivatives 120 in low yields. Deprotec-
tion of 120 with tetrabutylammonium fluoride (TBAF)
produced the alcohols 121 in high yields (Scheme 31).%
The crown ether part is annelated also in the 2,7-positions of
the TTF framework and has been synthesized as a self
assembled monolayer SAM.%*

6.6. Synthesis of pyrrolo annelated tetrathiafulvalenes

A variety of donor molecules have been synthesized in
which the TTF core is annelated to benzenoid 9,65 BEDT-
TTF 103,® furan 6> thiophene,67 and selenophene units
122 and to pyrrole units 123-126 (Chart 10).°® These
compounds have oxidation potentials appreciably higher
than that of TTF 6.%°

(EtO)ZHCIs ) (EtO),HC
P NI o
HOH,C~ S route A
107a 107b routeB 111
l") (EtO),HC_ _s S—__CHO CH(OEY),
\ TO=CI0 " I
= OHC™ s CH(OEY), R, s s
O\/;[S/Es 114 113
108 (Eto)zHCj: 1 ICHgOH I >_< j:CH(OEt)z
. HOH,C H(OEt R CH,OH
iv) i) 2 116 )2 Rz 115 2

P P
T, = T =T

F-TTF 109 (R = RZ—COOMe) DF-TTF 110

F-TTF112 (R; = R, = SMe)

i) NaBHy4, CH,Cl,/CH30H. ii) HCOOH (30% v/v in CHCl3).
i) P(OMe)s. iv) 87, P(OMe)3. v) Coy(CO)g, toluene.

Scheme 30.
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The pyrrolo-tetrathiafulvalene compounds were prepared
according to the method reported in the literature by direct
coupling of annelated pyrrolo derivatives with 1,3-dithiol-2-
thione derivatives using triethyl phosphite at reflux
temperature (Scheme 32).1‘1’69

x=( :I:/\NT P(CEt), Bﬁfocsr‘ Ts N:]: N—( :]:N Ts

127 128

P(OEt)3, 130 °C, 1.5-5 h 100% ‘IMHEI(B/’I:‘/Ia’OH
N o e
22, 57-69% reflux, 30 min
I >_< :]:N Ts H-N;[ > LN'H
S S
MeONa, 129
THF/MeOH
88-95% \reflux, 20 min
RS._S S
T =T
RS™"S 43 S

Scheme 32.

6.7. Synthesis of diazafluorene-functionalized
tetrathiafulvalene donors

The synthesis of DAF-DT-TTF 134a-d was carried out
using a cross-coupling reaction of 4,5-diazafluoren-9-one
(132) with the appropriate TTF derivatives 133a—d in the

presence of trimethyl phosphite, as shown in Scheme 33.7°

6.8. Synthesis of diselenadithiafulvalenes (DS-DTFs)

Diselenadithiafulvalenes DS-DTFs 137 were synthesized

N
N S-S s R
o + s=<_ I >=CI
S™°Ss S” R
L 133a-d
132 lP(oMe)3
a;R=H,b;R=Me toluene
¢; R=SMe, d; R = -O(CH,),0-

R s S—_s
T o=
R” S S
134a-d X
a; R=H, 14%, b; R = Me, 39%
¢; R = SMe, 24%, d; R = -O(CH,),0-, 32%

Scheme 33.
via formation of 136 by coupling of phosphonate esters 18
of various substituted 1,3-dithioles with 2-amino-1,3-

diselenolium salts 135 under Wittig-like conditions in
30-50% yields (Scheme 34)."!

(0]
R I
1;[S>< P(OR)2 . CN %%IRCi
R; ?8 H

135 °€ Ry
¢t-BuoK
“P(OMe)
;[S>_<Se SACOH I %e Rs
R, S N Se R4
137 136

Scheme 34.

Compounds 143 and 144 were obtained in good yields (58
and 52%, respectively) by a pseudo Wittig reaction of 138
with the dithiolium salt 139 or the diselenolium salt 140 in
the presence of triethylamine. The triphenylphosphonium
fluorborate 1387 was used as starting reagent in the
presence of TEA in MeCN to give compounds 141 and
142, in 58 and 52% yields, respectively. The compounds
141 and 142 were converted into 143 and 144 in similar high
yields (61 and 71%, respectively), as shown in Scheme 35.”

The synthesis and physical properties of TTF containing
PROXYL radicals were reported by Fujiwara et al.”*
Treatment of the TTF derivatives 105d and 145 with
CsOH/H,0 in DMF gave the corresponding dithiolate salts.
The bis(iodomethyl)-substituted PROXYL radical was



A. A. O. Sarhan / Tetrahedron 61 (2005) 3889-3932 3903
Me Se + _
/\ | >=SeMe, CF3S04/ Et;N, MeCN
NC Ses__s °
- M€ "Se 140 rt, 1 h, 52%
| }Pph3 BF,
NG se” S Mew—S Et;N, MeCN
e + = 3N, Ve
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Me S 139
S
e
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Se
141; X =S, 58% 143; X =S, 61%
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i. EtONa/EtOH, rt, 30 min, ii. BrCH,CH,Br, rt, 16 h.
Scheme 35.
IH,G, CHyl
CX = I b = e
CN CSOH H,O, DMF
105d; X =S 146; X =S, 43%
145; X =0 147; X =0, 20%
Scheme 36.
prepared as a racemic mixture according to the method benzo-DS-DAF. The electrochemical investigations

described in the literature.”> Reaction of the dithiolate
derivatives obtained from the TTFs 105d and 145 with the
PROXYL radical gave the corresponding tetrathiafulva-
lenes 146 and 147 as racemic mixtures in 43 and 20% yields,
respectively, (Scheme 36).

6.9. Synthesis of diselenadiazafulvalene (DS-DAFs)

Lorcy et al.”® have reported that the first diselenadiaza-
fulvalene DS-DAF 154 has been chemically synthesized
and electrochemically characterized. It showed a similar
sensitivity to atmospheric air as its sulfur analogue
and exhibited an extremely good donor character of

NO, O,N

TSI

Me

N N
(I s —2— (I
Se
Se Se

153
M

e\v‘w

©ESe O

CE%S

i) NaSH, NaOH, CS,,
ii) Mel,

indicated two reversible monoelectronic waves at low
potentials on the cyclic voltammogram and these are
associated with the redox behavior of the DS-DAF 154
formed in the medium. They correspond, respectively,
to the formation of the radical cation and dication of
154 (E,,;=70mV, and E,,,=90mV). The synthetic
route to DS-DAF 154 was achieved by the reaction of
148 with CS, in the presence of NaH or NaSH to
produce 149, which converted to 150. Isomerization of
150 to 151 followed by reaction with triethyl-o-formate
in the presence of BF;—Et,O gave the salt 152
which could be converted to 153 in very good yields

(Scheme 37).
N
©|i \}SMe
Se

150
Me liii) Me
/
N
iv)
= -0
B Se
152 151

H,0, reflux, 90%.
EtzN, CH,Cly, rt, 93%, iii) I, 200-220°C, 67%.

iv) BF3-Et,0, CH(OEt), CHCls, reflux, 97%.

154 Me

Scheme 37.

v) NaSeH, EtOH, rt, 95%. vi) P(OEt),, toluene, reflux.
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Scheme 41.

6.10. Synthesis of tetraselenafulvalenes (TSFs)

Tetraselenafulvalene TSF 155 was obtained according to
the method previously reported in a three-step reaction.”’
Acetaldehyde semicarbazone reacted with selenium dioxide
to form 1,2,3-selenadiazole, which reacted with potassium
t-butoxide in DMF/~-BuOH to provide the fulvene

N N
<D e
)

H H
164

Scheme 42.

tBuOK

8 o =)

fulvene derivative

derivative. Addition of a mixture of iodine and morpholine
in DMF to a solution of fulvene derivative furnished the
corresponding tetraselenafulvalene (TSF) 155 as shown in
Scheme 38.

By analogy with the synthesis of TTF, the corresponding
TSF derivative 156 (cis/trans mixture) was formed upon
reflux of 1,3-diselenol-2-selenone 45 (R;=CHO, R,=
CH(OE?),) in toluene with dicobalt octacarbonyl Co,(CO)g
(Scheme 39).”

Tetraformyltetraselenafulvalene 157 is considered as an
efficient precursor for heteroannelated and tetra-substituted
TSFs. Reduction of 157 using sodium borohydride NaBH,
in a THF/methanol mixture afforded the alcohol 158.
Condensation of TSF 157 with hydrazine hydrate in DMF
gave the corresponding dipyridazinotetraselenafulvalene
159, while the reaction of 157 with Ph3P=CMe, yielded
the tetraethylidene product 160 (Scheme 40).*"®

6.11. Synthesis of azafulvalenes (AFs)
Tormos et al.”’ reported that the dithiadiazafulvalenes DT-
DAF 84a—c could be prepared from the thiones 161 through
the formation of 2-(ethylthio)-1,3-thiazolium salts 162,
which on treatment with sodium hydrogen selenide afforded
the selenones 163. Compounds 163 were refluxed in triethyl
phosphite to yield the DT-DAF derivatives 84a—c as shown
in Scheme 41.

According to the reported methods by Hill®® and
Suschitzky,gl the tetraazafulvalene (DB-TAF) 165 could
be obtained by oxidation of the bisbenzimidazolyl deriva-
tive 164 using lead dioxide in benzene or manganese
dioxide MnO; in chloroform in yields of 65% (method 1) or
30% (method 2), respectively, (Scheme 42).

6.12. Synthesis of oxygen-containing fulvalene
derivatives

Nogami et al.>* have successfully prepared a number of
dibenzo-, dinaphtho-tetra-oxafulvalenes DNTOF and
dibenzodioxa-dithiafulvalenes DBOTF. Replacement of
one sulfur atom of the DBTTF 9 with oxygen has been
reported in 1996* and replacement of more than one sulfur
atom of TTF-skeleton with oxygen has been obtained in
2000.%* The syntheses of dibenzo-tetraoxafulvalenes
DBTOF 169, dibenzodioxa-dithiafulvalenes DBOTF 170
and dinaphtho-tetraoxafulvalenes DNTOF 171 were

1. PbO,, reflux C( >_< :@
2 Mn02 H20

165
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DBTOF 169 (X = O, R = H), DBOTF 170 (X = S, R = H)
DNTOF 171 (X = O, R R = -(CH=CH),~

Scheme 43.

achieved by the reaction of 166 with dimethyliminium salt
afforded the salt 167, which treated with NaSeH gave the
selenone derivatives 168. Cross-coupling of 168 using
tributyl phosphine gave the targeted compounds 169-171 in
variable yields (Scheme 43).82

6.13. Synthesis of dibenzotetratellurafulvalenes
(DB-TTeFs)

Treatment of 1,2-dilithiobenzene with elemental tellurium
followed by tetrachloroethene gave the corresponding
dibenzotetratellurafulvalenes (DB-TTeFs) 172 in 10%
yield.®* Electrochemical comparison of DB-TTeF 172 and
related compounds such as dibenzotetraselenafulvalene
DB-TSF 8 (R,R=-CH=CH-) and dibenzotetrathiafulva-
lene DB-TTF 9 with TTF 6 (R=H), tetramethyltetrathia-
fulvalene TMTTF and tetramethyltetraselenafulvalene
TMTSF provided valuable oxidation potentials and showed
good donor ability (Scheme 44).

Li . Te Te
i)
[[I l i) (I >~ D
Li Té Te
172
i) Te. ii) Cl,C=CCl,.

Scheme 44.

7. Synthesis of tetrathiafulvalenes bearing ferrocene,
quinone and heterocyclic moieties

Due to their structural and electrochemical properties, it
would appear obvious to combine ferrocene-containing
fragments and derivatives of tetrathiafulvalene to construct
new donors for conducting CT complexes. This approach
would lead to multistage redox systems that are likely to
display different solid-state properties to those of their
congeners. Only a few studies on these types of donor
compounds have been reported in the literature over the last
25 years, Ueno et al. synthesizing the first compounds that
belong to this class in 1980."!

7.1. Tetrathiafulvalene-sandwiched ferrocenes

The synthesis of diferrocenyl-tetrathiafulvalenes 14a,b was
accomplished according to the method described in
Scheme 45.'? N,N-dimethyl-4-ferrocenyl-1,3-dithiol-2-
iminium tetraphenyl borate 174 was prepared in 63%

3905

0} 7 S
@.)J\/C' NaSCSNMe, @—‘CSA NMe BPh,
e —_—
H,S04/NaBPh, @
173 174
NaSH or
NaSeH

e =
S

a; cis form, b; trans form

S
| =X
POEt); X :s

S
175a-b
a; X =S (92%), b; X = Se (71%)

Scheme 45.

yield by the cyclization of 1-chloroacetylferrocene 173.
Reaction of 174 with sodium hydrogen sulphide in
dimethylformamide/acetic acid, or sodium hydrogen
selenide in ethanol gave the corresponding thiones 175a
(92%) and 175b (71%), respectively. Coupling of 175a,b in
an excess of triethyl phosphite in refluxing benzene resulted
in the formation of diferrocenyltetrathiafulvalenes 14a,b.

The syntheses of ferrocene-tetrathiafulvalenes 14b, and
181-184 were carried out using the palladium-catalyzed
cross-coupling reaction shown in Scheme 46. Ferrocene 4
was treated with 7-BuLi in THF at —78°C to form
1-lithioferrocene 176, which was converted into ferro-
cenylzinc chloride 177 by treatment with zinc chloride in

=

Li
tBuLi (1 eq.) ©/ ZnCl,
—_— Fe _—

Fe Fe

4

Fe

Fe

14b 182184
i. PACly(PPhs), 182; R = SMe (82%),
183; RR = SCH,CH,S (84%)
184; R,R = OCH,CH,0 (77%)
Scheme 46.
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Scheme 47.

THF.®® The cross-coupling reaction of 177 with iodo-TTF
178 in the presence of PdCl,(PPhs), proceeded smoothly to
afford 181 in 81% yield.®® Similarly, the reaction of 177
with the TTF derivatives 180 in the presence of PdCl,-
(PPh3), afforded the corresponding 182 (R=SMe), 183
(R,R=SCH,CH,S) and 184 (R,R=O0CH,CH,0). Treat-
ment of 177 with 179 afforded 14b in 67% yield. Although a
mixture of the isomers cis-14a and trans-14b was
synthesized using another procedure,'' pure rrans-14b was
prepared in a better yield using the method described in
Scheme 46.%

7.2. Ferrocene substituted tetrathiafulvalenes

The synthesis of prototype systems comprising covalently
linked ferrocene and TTF moieties has been reported by
Bryce and co-workers.'? Additionally, the electrochemical
properties of these materials and X-ray crystal structure as
well as preliminary data on complex formation with
tetracyano-p-quinodimethane (TCNQ) have been also
investigated. Ferrocene has been attached both to the
periphery of TTF as in compounds 186a—c, 187, and 188
and incorporated as a spacer unit between two 1,3-dithiole-
2-ylidene rings as in 15a,b and compound 190. Compounds
186a—c comprising one ferrocene and one TTF unit
separated by one-, two-, and five-atoms spacer groups,
respectively, were synthesized following the well-
established method reported in the literature.'?

o
s S
Es>=<sl

S/\/O
(0]

187

Chart 11.

S P(OMe)z

R n-BuLl/THF,
-78°C
o)
Fe
)
189
a,R=H
b: R = Me n-BuLl/THF

-78°C

Scheme 48.

g"”IHJ =

Ferrocenylcarbonyl chloride 185 reacted with tetrathia-
fulvalenyl lithium, TTF-thiolate anion and/or TTF-alcohol
affording the corresponding 186a—c, respectively, in vari-
able yields Scheme 47).

Analogous reactions have provided bis-TTF and bis-
ferrocene derivatives 187 and 188, respectively. Reaction
of TTF-dialcohol and ferrocenecarbonyl chloride 185
afforded the corresponding compound 188 in 60% yield
(Chart 11)."?

7.3. Ferrocene as a conjugated spacer

On reaction of 1,1’-diformyl or diacetylferrocene (189a,b)
with the phosphonate esters 19 or 73 under Wittig—Horner
reaction conditions the expected 1,1’-bis[(benzo-1,3-
dithio]—2—y1idene)methy1/ethyl]ferrocene DTF-Fc-DTF
(15a,b) and 1,1’-bis[(diethylenethio-1,3-dithiol-2-ylidene)-
methyl]ferrocene BEDTF-Fc-BEDTF (190) were obtained
in good yields (Scheme 48).>!3

7.4. Aryl-ferrocene-aryl conjugated spacers

Following the methods previously described in the litera-
ture, the hydroxymethylaryl derivative 191 was prepared
from ferrocene by coupling of the aryldiazonium salt of
methyl Vi aminobenzoate followed by reduction with
NaBH,.* Oxidation of 191 with MnO, in chloroform gave
the corresponding 1-(p-formylphenyl)-1’-(4-formyl-1-
naphthyl)ferrocene (192) in good yield (Scheme 49)4

Similarly, the 1-(m-formylphenyl)-1’-(3-formyl-5-
methoxyphenyl)ferrocene (195) was synthesized from the
ester 193 by reduction with LiAlH, in ethanol to produce the
dialcohol 194, which oxidized in CHCIj; in the presence of
activated MnQO,, in good yield (Scheme 50).4

Q1 g 0

R 15a,b

(I ”“”G’ZQ = .

H 490
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Upon reaction of the dialdehyde 192 with the benzo-1,3-
dithiole-2-phosphonate (19) by using slight modification of
the Wittig—Horner procedure, at —20 to —5 °C afforded the
expected donor 196 in 80.5% yield. In the same manner, the
reaction of 195 with 19 gave the unsymmetrical 1-[3-
(benzo-1,3-dithiol-2-ylidene)methylphenyl]-1’-{5-meth-
oxy-3-[(benzo-1,3-dithiol-2-ylidene)-methyl]phenyl } ferro-
cene (197) in 97% yield (Scheme 51).4

0
H Fe H
()~
/
T
192
, S_H
) @sx P(OMe);
19 9
H
(VT
s Fe S
0 s
R,
196

i) 1. n-BuLi/THF, -78°C, 20 min. 2. ~ -20~ -5°C.

Scheme 51.

7.5. p-Quinodimethane and analogues as conjugated
spacers

The tetrathiafulvalene analogues 10, 201 and 202 could not
be prepared directly by using the Wittig—Horner reaction,
while using the retro-Diels—Alder reaction facilitates the
formation of these donor compounds.ga’88 Thus, a solution
of 18 in dry THF was treated with n-BuLi at —78 °C

H
0 -,
Fe
O ) o
H
OMe
195
I) S H
©:S P(OMe),
19 O

L E o

OMe 1497
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followed by adding the diketone adduct 198 and the reaction
was allowed to reach room temperature, whereupon the bis-
1,3-dithiole derivative 199 was obtained in 27% yield. Upon
thermolysis at 200 °C under reduced pressure, compound
199 furnished, via a retro-Diels—Alder reaction, compound
200 in 54% yield (Scheme 52).

R1 S R

R :[S><P(OR) S)_(S S_S

/ 2
5 ,
18 0o . | |
. ﬂ» thermolysis
——
o -78-~ 20°C, 97% 200°C

S S S S
O R2 R1 R2 R1
198 199 200
Scheme 52.

The benzo derivatives 201-203 were prepared analogously
by the reaction of the Diels—Alder adducts of p-benzo-
quinone, 1,4-naphthoquinone, 6,7-dimethylnaphthoquinone
and/or the corresponding 1,4-anthraquinone with phospho-
nate esters 18 and/or 19. Direct coupling of anthraquinone
with the phosphonate ester 19 according to the Wittig—
Horner reaction (n-BuLi, THF at —78 °C) gave the
anthraquinodimethane derivative 204 as yellow crystals in
97% yield (Chart 12).7%

@Q QQ

5 2ob eyl

S S SS

O O @O

201 202 203

()]
UJ

Bryce et al.”® have described an efficient route for the
synthesis and the multistage redox properties of 9,10-
bis(1,3-dithiol-2-ylidene)-9,10-dihydroanthracene—func-
tionalized ferrocenyl and tetra-thiafulvalenyl units. The
electrochemical properties of 2,6-bis(ferrocenylcarbonyl-
0xy)-9,10-bis[4,5-bis(methylthio)-1,3-dithiol-2-ylidene]-
9,10-dihydroanthracene  (207) and  2,6-bis(tetra-
thiafulvalenylcarbonyloxy)-9,10-bis[4,5-bis(methylthio)-
1,3-dithiol-2-ylidene]-9,10-dihydro-anthracene (208) have
been studied by cyclic voltammetry. The synthesis of these
highly extended tetrathiafulvalenes was carried out via
cross-coupling reaction of 26 with the anthraquinone
derivative in the presence of n-BuLi to give 205, which
on reaction with TBAF gave the dihydroxy derivative 206.
The reaction of 206 with TTF-COCI or Fc-COCI in the

presence of TBAF gave 208 and 209, respectively,
(Scheme 53).

Extended TTF derivatives bearing a p-quinodimethane 210
have been used as strong donors due to the extended
conjugation, which results in a decrease of the intra-
molecular on-site Coulombic repulsion and the formation of
nonstoichiometric complexes with acceptor molecules, on
the basis of the different sizes. In contrast to TTF and its
derivatives, the p-quinodimethane analogues of TTF form
stable dicationic species, which form CT comglexes with
electrical and magnetic properties. Martin et al.”” have also
synthesized a number of extended TTF-bearing p-quino-
dimethanes 210 using a Wittig—Horner reaction of the bis-
anthraquinone derivative 209 with 18, the electrochemical
behavior of these compounds have been also studied. These
compounds showed good donor ability to form CT
complexes and their electrical conductivity was also
investigated indicating that these CT complexes possess
considerable conductive properties (Scheme 54).

Bryce and Martin®°? have determined the redox potentials
of the extended tetrathiafulvalenes 212 by using cyclic
voltammetric (CV) measurements, carried out in methylene
chloride at room temperature with tetrabutylammonium
perchlorate (TBAP) as the supporting electrolyte. Two
oxidation waves were observed at room temperature.”” The
first oxidation wave corresponded to a quasireversible
oxidation process involving two electrons with the for-
mation of the dication. This electrochemical behavior is in
agreement with that previously observed for the anthrace-
nylidene derivative 12, and the coulometric analysis
confirmed the two-electron nature of the process. The
second irreversible oxidation wave observed at 1.3-1.4 V
for compounds 212 has been assigned to the oxidation of the
hydrocarbon framework to form the trication radical.

The synthesis of 212 was achieved by reaction of the
quinone 211 with phosphonate ester 18 in the presence of
n-BuLi in THF at —78 °C (Scheme 55).

The syntheses of extended tetrathiafulvalenes 215a,b and
216a,b were carried out by a cycloaddition reaction of diazo
compounds with Cgp.”> In the present case, the diazo
compounds are generated from the extended TTF-contain-
ing p-tosylhydrazones 214a,b by treatment with base.
Compounds 214a,b were in turn prepared in good yields
from the respective aldehydes 213a,b’® and toluene-p-
sulfonylhydrazide. The reaction of p- tosylhydrazones
214a,b with Cgy under basic conditions in toluene at
70-"C afforded 215a,b in 27-31% yield as a mixture of the
two possible [5,6]isomers. The [6,6]methanofullerenes
216a,b were prepared either under basic conditions from
214a,b with Cg in refluxing toluene or from 215a,b by
refluxing in toluene for 30h in quantitative yield
(Scheme 56).”%*

7.6. Tetrathiafulvalene-extended-tetrathiafulvalenes
(TTF-ex-TTFs)

Martin et al.”” have intensified their research work on
finding newly extended tetrathiafulvalene—functionalized
p-quinodimethanes and their analogues such as
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naphthaquino-dimethane, anthraquinodimethane tetra-
cycline and pentacene as conjugated spacers. Among the
modifications reported to date, the extension of the
conjugation between the two 1,3-dithiole units of TTF has
received much more attention probably due to the predicted
importance of these materials as semiconductors,”® or as
having nonlinear-optical properties.”” Examples of
extended TTFs are shown in this text. Yoshida et al.”®
reported the first vinylogue of TTF (216), which exhibits a
lower oxidation potential than the parent TTF as a result of a
decrease in the intramolecular Coulombic repulsion in
the dication species. Lorcy et al.** have synthesized the
tetrathiafulvalene derivative 217 by using the
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electrochemical synthesis of 1,4-dithiafulvalenes 218.
Tetrathiafulvalenes bearing a heterocyclic spacer 219 have
also been prepared and behaved as strong donors, forming
highly conducting CT complexes (Chart 13).%

RS Me.__S S — S
T PT™ el ==
Ry S I MeS™ S R S X S
S” Ry
217 218 219

R1=R2=R3=R4=H,Me,EtR=aryI,Fc X =S, Se
R1=R4=MG,R2=R3=SM9

Chart 13.

Recently, Gorgues et al.'® have reported the first example
of a rigid hybrid dimer formed by a TTF unit fused to a
quinonoid m-extended TTF 220 (Chart 14). Compound 220
exhibited three reversible oxidation peaks at E' 0.27 V, E?
0.71'V and E* 1.12'V, respectively, vs SCE in dichloro-
methane CH,Cl,. The first peak corresponds to a two-
electron process arising from the m-extended TTF moiety.

MeS SMe
S __S
MeS__s s '
T o—< ]
MeS S>_<S |
S S

220 MeS SMe

Chart 14.

Highly extended and sulfur-rich analogues of tetrathia-
fulvalene 227 and 228 have been synthesized and
characterized by Hudhomme et al.'°' in good yield. The
preparation of the m-extended donors 227 was achieved
using the tetrathiafulvalene cores in the first step and

introducing the quinonoid analogue of TTF in the second
step. Vicinal bis(bromomethyl)-TTF derivatives 221, which
are prone to generate 2,3-dimethylene-[2H]-TTFs 222 in
situ, were used as the starting materials. Cycloaddition of
p-benzoquinone or 1,4-naphthoquinone to the diene 222
followed by aromatization using the DDQ afforded the
corresponding quinones 223 and 225, which on cyclo-
addition to cyclopentadiene afforded 224. Further direct
olefination of the diquinones 224 and 225 with phosphonate
esters in the presence of n-BuLi gave the highly extended
donors 227 and 228 in high yield. A retro Diels—Alder
reaction could be cleanly performed on 226 upon refluxing
in o-dichloro-benzene to afford the corresponding extended
TTF derivatives 228 (Scheme 57).101

7.7. Ferrocene-extended-tetrathiafulvalenes
(Fc-ex-TTFs)

2-Ferrocenylvinyl-9,10-anthraquinone 230 was synthesized
according to the method described by Martin et al.'®* and
used as a precursor for the synthesis of functionalized
tetrathiafulvalene donors 231a—c by adopting the Wittig—
Horner reaction as described in Scheme 58. The reaction of
formylferrocene 64a with 2-anthraquinonyltriphenyl-
phosphinum bromide 229 in refluxing toluene in
the presence of 7-BuOK gave 2-ferrocenylidinyl-9,10-
anthraquinone (230), which cross-coupled with 1,3-
dithiol-2-phosphonate ester 18 afforded the ferrocen-
extended-tetrathiafulvalenes 231a—c in good yields. The
electrochemistry of these extended TTF compounds was
extensively investigated at different scan rates, temperature,
working electrodes and different solvents as well as using
cyclic voltammetry. In spite of the fact that that compounds
231a—c contain two different types of donor moieties (two
1,3-dithioles and a ferrocene), only one oxidation—reduction
wave was recognized. From this study and by comparison
with derivatives having no ferrocene units such as
compound 12, it was important to recognize that the
oxidation process is easier in the case of TTF containing
ferrocene.'®> The separation of the three-electron two-
oxidation process was clearly resolved upon using the
MeCN as the solvent at slow scan rates compared with
ferrocene, and similarly TTF without vinylferrocene. All
attempts made by Martin to resolve these two-oxidation
processes were unsuccessful.'® In both CH,Cl, and THF,
231b,c exhibited only one oxidation wave due to the
coalescence of the two different oxidation processes into
one three-electron process leading to the formation of the
tricationic state Fc ™ -ex-TTF* ™.

Recently, Sarhan et al.'® have prepared the 2-ferrocenyl-
anthraquinone 232 in 21% yield via the diazotization of
2-aminoanthraquinone, followed by coupling with ferro-
cene in acetic acid at 0 °C. The UV-vis spectrum of the
2-ferrocenylanthraquinone 232 was studied in CH,Cl, and
the absorption value was Ap,.x 598 nm (log e=2.35), which
can be accounted for by an intramolecular charge transfer
(ICT) band resulting from the strong electron-donor
ferrocene and the electron acceptor anthraquinone moiety
(Scheme 59).'%

The syntheses of the ferrocene-extended-tetrathiafulvalene
233 and ferrocene-dithiafulvalene 234 were carried out by
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application of the Wittig—Horner olefination reaction as
described in Scheme 60. Reaction of 232 with 19 in the
presence of n-BuLi at —78 °C gave a mixture of ferrocene-
o @ tetrathiafulvalene 233 and dithiafulvalene 234 in 28 and
HoLo%c_ 24% vyields, respectively.'®?
H NaNOz N N C| i) O‘O -
o) e 7.8. Crown-annelated derivatives

232
i) a) ACOH, N, 0°C, 30 min. b) RT, 10 h, 21%. . ..
)2 2 ) : The first crown-annelated tetrathiafulvalene derivatives

Scheme 59. were prepared according to the method reported by Bryce
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Scheme 60.

et al.'® Reaction of anthraquinone with the crown
phosphonate ester 235 in THF at —78 °C in the presence
of lithium diisopropylamide (LDA) gave a mixture of the
crown-annelated derivatives 236 and 237. The phosphonate
ester 235 was prepared according to the standard method
previously reported in the literature.>' The dithiafulvalene
derivative 237 was treated under the same conditions with
phosphonate ester 235 to afford the crown-annelated 9,10-
bis(1,3-dithiol-2-ylidene)-9,10-dihydroanthracene deriva-
tive 236, as shown in Scheme 61.

Q
cf ONS S \\P(OEt) )y O
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Scheme 61.
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7.9. Cyclophane-annelated tetrathiafulvalenes

Becher et al.'® have reported that the synthesis of the
tetrathiafulvalenophanes 241 and 242 can be achieved via a
Wittig—Horner reaction, as shown in Scheme 62. The
cesium 1,3-dithiol-2-thione-5-thiolate 238 was obtained by
the reported procedure. Alkylation of 238 with o,o'-
dibromoxylenes afforded the bis-1,3-dithiole-2-thiones 239
in quantitative yields. Subsequent transchalcogenation
yielded the corresponding bis-1,3-dithiole-2-ones 240.
Treatment of 240 with triethyl phosphite in refluxing
toluene gave the corresponding cyclophane 241.'%

The macrocycle bis-TTF 242 could be prepared via a
stepwise reaction sequence: first a thiolate mono-
deprotection of 243 using cesium hydroxide, followed by
alkylation with bis[4-(bromomethyl)phenyl]methane gave
245 in 54% yield. Second, subsequent deprotection of the
two remaining thiolate functions, followed by a ring-closure
reaction under high dilution conditions in the presence of
bis[4-(bromomethyl)phenyl]methane, afforded the bis TTF-
cyclophane 242 in 55% yield.'® Similarly, the cis—trans
mixture of 244 was obtained also as described in
Scheme 63.

Bryce et al.'” have synthesized and investigated a number
of cyclophane-annelated tetrathiafulvalenes, which are
formed by bridging across the 2,6-positions of the
anthracene unit. The 2,6-dihydroxyanthraquinone deriva-
tives 246 were used as the starting materials for the
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240a; X = a,0'-0-xylene, b; X = o,o'-m-xylene, ¢; X = o, o'-p-xylene

Scheme 62.
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syntheses of the cyclophanes 248 using the Horner—
Wadsworth—-Emmons olefination. Treatment of the phos-
phonate ester 26 (R=Me) with lithium diisopropylamide
(LDA) at —78 °C followed by the addition of 246 yielded
the 9,10-bis(1,3-dithiol-2-ylidene(9,10-dihydroanthracene)
derivatives 247, which reacted with phthaloyl chloride to
give the cyclophanes 248, as shown in Scheme 64.

Bridged cyclophanes 250a—d were also obtained as
previously reported by Bryce et al.'”” in low yields
(8-15%) from the reaction of the dihydroxy derivative
249 with diacid chlorides in CH,Cl, in the presence of
triethylamine. The electrochemical properties and the

OH

molecular conformations of the cyclophanes 250a—d were
determined by X-ray crystal analysis, and have been
correlated with the steric constraints of the bridging unit
(Scheme 65).

Lorcy et al.'® have described that the synthesis of the
cyclophanes 253a,b and 254 could be achieved by Wittig—
Horner olefination, as outlined in Scheme 66. The
cyclophanes 253 were prepared from 251 by the addition
of a stoichiometric amount of terephthalaldehyde or 1,4-
diacetyl-benzene in the presence of n-BuLi. The bis-
aldehyde 252 was obtained by the addition of excess
terephthalaldehyde to 251. Condensation of 252 with the
bis(dithiolylphosphonate)-diester 251 (n=4) afforded the
cyclophane 254 with two extended donor cores.

7.10. Heterocyclic ring conjugated spacers

Reaction of phosphonate esters 18 with thiophene-2,5-
dicarboxaldehyde 255 (X=S) or the related furan (X=0)
or pyrrole (X=NR) derivatives by the application of a
Wittig-Horner-type reaction afforded the corresponding
conjugated tetrathiafulvalenes 256, respectively, in variable
yields. This reaction was investigated and the TTF donors
256 formed were electrochemically studied using a cgyclic
voltammetric method by Becher et al. (Scheme 67).10

Takahashi and Ise''” outlined the synthetic routes to the
conjugated TTFs 258, as shown in Scheme 68. The cross-
coupling reaction of thiophthalic anhydride with an
equimolecular amount of 4,5-bis(methoxycarbonyl)-1,3-
dithiol-2-thione (16, R; =R,=COO0OMe) in the presence of
excess trimethyl phosphite in refluxing benzene gave the
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0
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Scheme 65.
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Scheme 67.
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16 R;=R, = COOMe 257

S
s=< I cror

27:n=2,27"a,b

P(OMe)3, toluene, reflux

258a-c,a;n=1,b;n=2,¢c;n=3

Scheme 68.

mono-capped intermediate 257 in 75% yield. Treatment of
257 with 4,5-alkylenedithio-1,3-dithiol-2-thiones 27 or
related derivatives in refluxing toluene containing excess
trimethyl phosphite afforded the bis-capped products
258a—c in 10, 29 and 15% yields, respectively.'"”

Roncali et al.''" have synthesized the conjugated tetra-
thiafulvalenes 259-261 (Chart 15) by a double Wittig or
Wittig—Horner olefination of the appropriate dicarbalde-
hyde using the methods described in the literature. The
electrochemical behavior of these compounds was also
studied and it has been found that the Coulombic repulsion

Me Me

—_—

\ S—(CHy),—S. Me
S. S S. S
| |
l) 252 |
liv) o

"

S S S S

|
S—(CH2)h—S Me

254, n=4

in the dication suggests that the dialkoxy groups induce a
major reorganization of the electronic distribution in the
molecule.

7.11. 1,3,4,6-Tetrathiapentalene as a conjugated spacer

Yamabe et al.''? have synthesized and characterized the
redox behavior and electrical properties of the unsym-
metrical TTFs with 1,3-dithiol-2-ylidene moieties 263a—i in
good yields. Isopropylidene-1,3-dithiolo[4,5-d]-1,3-dithiol-
2-ones 262 and equimolar amounts of the appropriate 1,3-
dithiole-2-thiones 16a—f were allowed to react in neat
triethyl phosphite to give 263a—i in variable yields. In all
cases, the main products were the unsymmetrical TTFs, and
the symmetrical molecules were obtained as the minor
products. The CT complexes of 263g and 263i with
tetracyano-p-quinodimethane (TCNQ) and tetra-n-butyl-
ammonium tri-iodide were obtained as the TTF-TCNQ
complex and TTF-I5 salts, respectively. The compressed
pellets of these salts using the four-probe technique showed

— NN
o O (0] 0]
s T N—s s T N\ _g
R 259 R R 260 R
R 261 R Ry
R = COOMe, SMe, n-Propyl, Ry = n-Pentyl
Chart 15.
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16a-f
i) P(OEt)3, 75—80°C, 2h
Scheme 69.

S I D=s v 0= =

265a-c
a; R=H, b; R=SMe, ¢; R = SCH,CH,S
P(OMe);
toluene

S_-S S s sS-_R
I
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266a; R = H, 266b; R = SMe, 266¢; R, R = SCH,CH,S

Scheme 70.

=TT o< T~

267a; X=S, R,R = S(CH,),S, 267b; X=S,R=SMe  268a; X =S
267c; X = O, R,R = (S(CH,),S 267d; X= O, R=SMe 268b; X =0

263a:
263b;
263c;
263d;
263e;

263f;

263g;
263h;

263i;

263a-i
R=Me, Ry{=H
R = Me, R1 = COOMe
R = Me, Ry = SMe
R =Me, Ry =-SCH,S-
R = Me, Ry =-S(CH5),S-
R =Me, Ry =-S(CH3)3S-
R= -CHQCstCHQCHz-,
R =-CH,CH,SCH,CHy-,
R = -CH3CH»SCH,CH,-,

R1 =H
R = COOMe
= SMe

high electrical conductivities in the range of o, 0.4-
37S cm™ ! at room temperature (Scheme 69).113

Mori et al.''* have shown that the extended tetrathiafulva-
lene donors 266a—c could be prepared by the phosphite-
mediated cross-coupling of 264 and 265a—c (Scheme 70).
Several radical-cation salts were grown by the electro-
chemical method. The conductivity of these salts was not
very high, but many salts showed metallic behavior at room
temperature.

In the same manner, several extended TTF donors such as
267 and 268 (Chart 16) were prepared and used as metallic
cation radical salts. The modification of the tetrathiafulva-
lene TTF skeleton was achieved by replacement of only one
outer sulfur atom with an oxygen atom. Although this
modification caused a lack of molecular symmetry, the
electrochemical studies of these extended tetrathiafulva-
lenes showed good donor ability to form CT-complexes.'"

Mori et al.''® reported that the 2-(4,5-bisthiomethyl-1,3-
dithiol-2-ylidene)-5-(4,5-ethylenedithio-1,3-dithiol-2-

Chart 16.
ylidene)-1,3,4,6-tetrathiapentalene TMET-TTP analogues
X_-S S S CN
(T o=sro= I eoen ™ I>—<IJ
X" s S 'S CN NC
27, X=8S 104b 105d; X =S, 145; X=0
43,X=0 i) CSOH
i) ZnCla/BugNBr
iii) Triphosogene
I S 58 s_X
I = I >= I J Ao o=l o= )
OEt) S7™s S” X
2693-f 265c; X=S
269a; X = S, R = SMe, 269b; X = Se, R = SMe 265d; X=0
269c; X =S, R=SeMe, 269d; X = Se, R = SeMe
269¢; X = O, R = SMe, 269f;, X=0, R=SEt
Scheme 71.
Table 1. Conductivity of the salts 269a,c.e''®
Comp. Anion 0/S cm ! Comp. Anion o/Scm ™!
269a L 13 269 PFs 380
Aul, 15 ClO4 560
269¢ PFs 1.6 AsFg 500
ClO, >10"* Au(CN), 11
TCNQ 33
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I>s+o<IHIJ

265c

RS s
S S S S
J >% a1
RS™ 7S ST s s7 s
270a; R = Et, 270b; R = n-Pr, 270c; R = n-Bu
i) P(OMe)s, toluene, 110°C, 2 h.

Scheme 72.

269a—f were synthesized using two steps of phosphite-
mediated cross-coupling of 27 or 43 with 104b in the
presence of P(OEt); to afford the TTFs 105d (X=S) and
145 (X=0) in good yields. Reaction of 105d or 145 with
CsOH in the presence of ZnCl,/BuyNBr mixture followed
by the addition of triphosgene afforded the tetrathiapenta-
lene derivatives 265¢ (X=S) and 265d (X=0) in variable
yields. Similarly, cross-coupling of the 265c,d with the
dithione derivatives in P(OEt); gave the expected TTFs
derivatives 269a—f as described in Scheme 71.

Several radical-cation salts of TTFs 269a—f were formed
and their conductive properties were measured and the
results are summarized in Table 1.

Moreover, Mori et al.''” reported that the donors
270a—c were synthesized and characterized according
to the methods described in Scheme 69. The synthesis
of C,TET-TTP 270a-c¢ was achieved from 5-(4,5-
ethylenedithio-1,3-dithiol-2-ylidene)-1,3,4,6-tetrathia-
pentalen-2-one 265c¢, which was synthesized via
2,3-bis(cyanoethylthio)-6,7-ethylenedithiotetrathia-
fulvalene according to the reported method.”>!'®
The compounds 265c¢ and 22 were cross-coupled
in trimethyl phosphite in toluene at 110 °C to give the
corresponding C,TET-TTP 270a—c in 10-19% yields
(Scheme 72).
Kimura et al.''® reported the synthesis of the extended-
donor TTC,-TTP derivatives as shown in Scheme 73. The
starting ketones 271 and the thiones 22 were obtained as
previously described in literature. The trimethyl phosphite-
mediated cross-coupling reaction between 265 and 22
afforded the corresponding TTP derivatives 272a-d in
10-30% yields (Scheme 73).

RSIS>
RS S
I >=( I =0 I D= I >=] I
P(OMe)
271 110°C, 2 h 272a-d
a;,R=Et a;R=Et
b; R =n-Pr b; R = n-Pr
c; R=n-Bu c; R=n-Bu
d; R = n-Pentyl d; R = n-Pentyl
Scheme 73.
OH OMe
S S S S
K,CO4/ acetone
S=< >—S —_ 5 S=< —S
S IS CF3SOzMe S:i‘i[s
OH OMe
273 274
M
]:S><S ®| MeLi, THF
RS™"S Mel
24a;R = Bu
24b: R = n-Hexyl
OMe
SMe
ultrasound :{ ( s_pMe SISR
70°C, 2 h RS S : /
MeS S S'meg S SR
OMe
27Sa b
RS_S RS S
| >—
RSIS <:¢[>_<SSR RSS: < >_<I
276a,b 277a; R = n—ButyI, 277b; R = n-hexyl

I) 1. BBF3/CH20|2, 2. H20

Scheme 74.
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><HBF4 n-BuLi
or Et3N

THF

Ry S
;[>:PR3 _
Ry S
17
R =Bu
R1 S
T
R, S — I
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a;Ry = R2—COOMe 73%, b; Ry =R, =Me, 78%
¢; Ry = R, =(CH=CH),, 80%,

R s
;[ \ 278
R, S CHO

THF

Scheme 75.

The synthesis of the bis-carbonyl-bridged bis-TTF-systems
277a and 277b starts with 4,8-dihydroxy-1,3,5,7-tetrathia-s-
indacene-2,6-dithione (273), which can be etherified with
trifluoromethanesulfonic acid methyl ester. Using potas-
sium carbonate as a deprotonating agent led to 4,8-
dimethoxy-1,3,5,7-tetrathia-s-indacene-2,6-dithione (274).
Treatment of 4,5-bis(n-alkyldisulfanyl)-1,3-dithiol-2-
thiones (24a,b) with 274 produced the bis(hexathioortho-
oxalates 275a,b after the addition of an excess of
iodomethane. Extrusion of dimethyl disulphide in 1,1,2,2-
tetrachloroethane at 70 °C, by ultrasound, afforded the

SH
©[ MeO o)

Tt

Scheme 76.
I
RS.__g P(OMe), Ri~_-S n-BuLi, THF RS
T L = et
Rs™ S H R, S CHO RS
26 278
Scheme 77.

Rz

17 OHC
a9
1~—S P(OR),
T o<
Ry S

18

Scheme 78.

toluene-4 sulfonic
OMe Je acd

CHO 1;[ ——

bis(tetrathiafulvalenes) 276a,b. The ether cleavages of
276a,b without affecting the TTF units were carried out
by adding the boron tribromide in dry dichloromethane at
room temperature, followed by oxidation of the dimethoxy
derivatives 276a,b to produce 277a,b (Scheme 74). 120

8. Conjugated tetrathiafulvalenes

8.1. Synthesis of conjugated tetrathiafulvalenes via
cross-coupling reactions

Several TTF analogues have been synthesized with two or
more 1,3-dithiol-2-ylidene moieties separated by olefinic
bonds such as the conjugated tetrathiafulvalenes 279 1n
which the two 1,3-dithiole rings are connected with two sp*

carbons. This class of donor system can be expected to serve
as more efficient donor than TTF itself. The synthesis of the
conjugated TTFs 279 was achieved by the reaction of 4,5-
dithiolyltributylphosphonium tetrafluoroborate 34 with
2- formylmethylene 4,5-disubstituted-1,3-dithiole 277 in
THF in the presence of triethylamine or n-BuLi in variable
ylelds121 (Scheme 75).

Reaction of two mol equivalents of 1,3-benzenedithiol with
2,5-dimethoxytetrahydrofuran or with succinaldehyde gave
compound 280 with a saturated linkage between the

L e

trityl hexachloro-
g antimonate

S
;[ — s Ri
s — I
283 S R,
R=Me,R1=R2=H
R=MG,R1=R2=MG
R = Me, Ry = R, = SMe
R=n-C18H37, R1=R2=H

#I

R1 R2—H Me (CH2)3-
~(CHy)s-, COOMe, ~(CH=CH),-
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heterocyclic rings. Hydride abstraction from 280 using trityl
hexachloroantimonate afforded the salt 281, which was
readily deprotonated by triethylamine to yield the com-
pound 282 in 70% overall yield as a slightly air-sensitive
crystalline solid'*? (Scheme 76).

The synthesis of theconjugated donors 283 was accom-
plished by Bryce and'’ and Becher'? using the reaction of
4,5-disubstituted- 1,3-dithiole-2-phosphonate esters 26 with
the appropriate aldehyde derivatives 278 following the
established Wittig—-Horner procedure in different yields
(Scheme 77).

The Wittig or Wittig—Horner reaction of acetylene dicarb-
aldehyde with phosphoranes or phosphonate esters, respect-
ively, generates the symmetrical acetylenic analogues of
TTF 284.'** From the mono(diethyl acetal) the unsym-
metrical acetylenic analogues of TTF can be obtained. The
yields are increased when complexes of the dialdehyde or
the mono(diethyl acetal) with dicobalt hexacarbonyl are
used as the starting material instead of the corresponding
free alkynes. The final decomplexation is achieved by
treatment with trimethylamine oxide (Scheme 78).1%°

8.2. Synthesis of conjugated tetrathiafulvalenes by
oxidation

Oxidation of bis(methylthio)acetylene with bromine in
carbon disulfide leads to the dication of the corresponding
ethandiylidene-2,2'-bis(1,3-dithiole) 283 which can be
reduced with zinc to the parent compound 284.%*'%° An

SR RS.__g SR

CS, j:@') S
| | B, RS S \ @
SR RS S

285

Scheme 79.

//\
I®>_ o Me;SiC=CMgBr I ><N\) BuyNF RISSX
\\\ R

287, R = Me, Ph

Scheme 80.

extension of the m-system between the two 1,3-dithiol-2-
ylidene moieties can also be achieved with olefinic and
acetylenic bonds (Scheme 79).

A cumulene skeleton has been inserted between the 1,3-
dithioles in 292 and 293 by the reaction of the dithiolium
salts 287 with (trimethylsilyl)acetylene-magnesium
bromide, followed by hydrolytic removal of the trimethyl-
silyl group from 288. The dithiole 289 obtained can be
coupled with the starting 2-morpholino-1,3-dithiolium salts
287 or dimerized in the presence of cupric acetate to the
corresponding dimeric products 290. Removal of
the morpholino substituent by Iperchloric acid provided the
cumulenic TTFs 292 and 293."%7 So far, only the dications
292 and 293 could be isolated in fairly good yields
(70-90%), the neutral forms being extremely unstable.
Both positive charges beside more in the two 1,3-dithiolium
moieties than in the corresponding ethanediylidene units
(Scheme 80).

Probably, t-conjugation between the 1,3-dithiolium units is
less effective through an acetylenic bond than through an
olefinic bond using a Wittig—Horner reaction, TTF deriva-
tives are obtained with double bonds of olefinic and
aromatic character between the two 1,3-dithiol-2-ylidene

moieties in 40-90% yield.'*®

8.3. Electrochemical oxidation of dithiafulvalenes

The intramolecular oxidative dimerization of 1,4-dithia-
fulvalene to yield the dication of the corresponding
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I : Z electrochemical omdauon
then reduction

218a;R= CgH4-p-N02
218b; R = CgHy4-p-CN
218¢; R=CgHs

218d; R = CgHy-p-OMe
218e; R = CgHy-p-NMe;,
218f; R = 2-thiophenyl
218g; R = n-Propyl

294a; R C6H4p N02
294b; R = CgHy-p-CN
294c; R = CgHs

294d; R = CgH4-p-OMe
294e; R = CgHy-p-NMe,
294f; R = 2-thiophenyl
294g; R = n-Propyl

Scheme 81.
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2. TSCN (4.4 eq). iii) NaOEt, EtOH, 25°C, 65%. iv) dicyanodiamide, reflux, 66%.

Scheme 83.
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extended TTF system has been reported previously'*® and a
similar process is thought to occur in the electrochemical
polymerization of tris(1,4-dithiafulvalene) derivatives.'*"
Lorcy and co-workers™® have reported the isolation of
neutral systems 294 from monomer units 218 by a two-step
electrochemical oxidation followed by reduction and
concluded that the reaction involved dimerization of the
cationic radical 218 (Scheme 81).

The mechanism of the electrochemical oxidation of
dithiafulvalenes was explained by Fourmigué et al.'*®

according to the steps shown in Scheme 82.

9. Reactions of tetrathiafulvalenes

9.1. Reaction with LDA to form 4,5-disubstituted
derivatives

TTF was monolithiated with lithium diisopropylamide
using a procedure described by Green.'’' Addition of
p-toluenesulfonyl cyanide to the lithiated species afforded
the derivatives 297 (75%) and 298 (4%). The formation of a
small amount of 298 presumably occurs due to a
disproportionation of the mono-anion. The synthesis of
299 was achieved by the addition of excess p-toluene-
sulfonyl cyanide to tetralithio-TTF. The hydrolysis of 297
using excess sodium ethoxide in ethanol gave 4-amido-TTF
300 (65%). The reaction of 297 with dicyanodiamide under
basic conditions gave the diaminotriazine derivative 301 in
a respectable yield (66%) (Scheme 8§83). 131

9.2. Halogenation of TTFs using LDA

Synthesis of the halogenated BMT-TTF derivatives 303a—c
and 304a—c was carried out by using lithiation of 302 with
lithium diisopropylamide (LDA), followed by treatment
with halogenating reagents.'>* Although the reaction of
ethylenedithiotetrathafulvalene (EDT-TTF) with LDA led
to the cleavage of the ethylenedithio ring, the treatment of
BMT-TTF 302 with LDA produced the corresponding lithio
derivative without decomposition. Thus, the reaction of 302
with LDA in THF at —78 °C followed by hexachloroethane
at —78 °C to room temperature produced the dichloride
303a in 49% yield, along with traces of the monochloride
304a. The reaction depends upon the halogenatm% reagent
and the equivalent amount of LDA (Scheme 84).!

The reaction of the BET-TTF derivative 305 with n-BuL.i at
—78 °C in THF, followed by treatment with ZnCl,, afforded
the organozinc intermediate 306. A homocoupling reaction
of 306 with bisditriphenylphosphinylpalladium chloride

X MeS

CTO=CI =T

303
a; X=_Cl
b; X=Br
c; X=1
ii) 1. Y = CI3CCCl3. 2. Y = BrCH,CH,Br. 3. Y =

304

a; X=Cl

b; X =Br

c; X=1
IF,C-CF5l.
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PdCl,(PPh;), at room temperature in THF produced the bis-
TTF derivatives 307 (n=0-2) in 27% overall yield based on
305, as shown in Scheme 85.'%

9.3. Reaction with trimethylsilylacetylene

The reaction of trans-2,6-diiodo-3,7-diphenyltetrathia-
fulvalene 308 with trimethylsilylacetylene in the presence
of Pd(PPh3)4, Cul and Et;N in THF gave the symmetrical
2,6-bis[2-(trimethyl-silyl)ethynyl]-3,7-diphenyltetrathia-
fulvalene 309 in 70% yield. Treatment of 309 with aqueous
KOH easily generated 310 (Scheme 86).'**

9.4. Reaction with chloroacetylacetone

The mono-acetylacetone TTF 314 and the di-acetylacetone
312 were synthesized according to the method described in
the literature. Selective monodeprotection of bis-cyano-
ethylthio TTF 311 by the addition of 1equiv of base
followed by alkylation of the monothiolate thus formed led
to the formation of 313. Deprotection of the second
cyanoethylthio group via the same procedure and sub-
sequent quenching with chloroacetylacetone gave the TTF
314 in 88% yield.'* Similarly, TTF 312 was obtained by
the deprotection of 311 followed by alkylation using

Scheme 86. chloroacetylacetone (Scheme 87).
Me
O
S M
I : i :[ \/\CN Me eIS> <S | S o)
—> (@) Me
NC g s~ s s Me
311 312
i 0 Me
Me O
Me s S S
>:< > < O
III) ]I | Me'
Mes” S S Me
314
i) 1. CsOH, H,0 (2 equiv.), 2. chloroacetylacetone. ii) 1. CsOH, H,0 (1 equiv.), 2. Mel.
i) 1. CsOH, H,O (1 equiv.), 2. chloroacetylacetone.
Scheme 87.
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Scheme 88.
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Scheme 89.

9.5. Reaction with 1,3-diselenol-2-one derivatives

Treatment of 2,3-bis(2-cyanoethylthio)-6,7-bis(ethylthio)-
TTF 315 with excess cesium hydroxide monohydrate in
acetone in the presence of ZnCl, and tetrabutylammonium
bromide followed by the addition of 1,1’-thiocarbonyl-
dimidazole afforded the corresponding TTF 316.'*® Reflux-
ing of 316 with the compound 96¢ (X=0O, Y=Se) in
toluene in the presence of trimethyl phosphite gave the
target compound C,TET-TS-TTP 317, Scheme 88.'%°

9.6. Reaction with Cg( derivative

Martin et al. reported that the TTF derivative 322 could be
obtained from the previously reported compound 318 in
three steps, as shown in Scheme 89.1%7 In particular,
deprotection of compound 318 with #~BuOK in DMF
afforded the thiolate, which was then reacted with
3-bromopropanol forming compound 319 (90% yield).
Mesylation of 319 gave 320 in 89% yield, which on
treatment with activated NaNj in refluxing acetonitrile
furnished the azido derivative 321 in 67% yield. Finally,
reaction of Cgo with azide 321 in o-dichlorobenzene
(ODCB) at 60 °C overnight led to the TTF derivative 322
in 54% yield (Scheme 89).

[/E<]

TTF

liii)

325
i)

EF<I—1»[F<J” —»[F<

323

V
S SﬁCN
[S S | CN
326

Scheme 90.
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i) +-BuOK, DMF, then Br(CH,)30H, rt.
i) MsSO,Cl, Et3N, CH,Cly, rt
i) NaN3, MeCN, reflux. iv) Cgo, ODCB, 60°C.

9.7. Formylation of tetrathiafulvalenes

Martin and co-workers reported that the synthesis of
tetrathiafulvalene-m-acceptor (TTF-7t-A) derivatives has
been carried out by the reaction of appropriately
functlonahzed acceptor moieties with formyl-TTF and its
vinylogues.'*® The SP/nthesis of formyl-TTF 323 was first
reported by Green'?' via the reaction of monolithio-TTF
with dimethylformamide. Later, Garin, Bryce and
co-workers thoroughly investigated this reaction with a
variety of formylating reagents in order to increase the
yields and optimize the preparation of formyl-TTF 323.'%°
Upon condensation of formyl-TTF 323 with malononitrile,
the TTF-1t-acceptor 326 was obtained as a D-7t-A system. A
subsequent Wittig reaction of formyl-TTF 323 with
phosphorane led to the formyl-TTF vinylogue 324 with an
overall yield of 51% based on TTF. The formyl vinylogue
324 when reacted with malononitrile furnished the TTF-t-
acceptor 327 in good yield. Subsequent reaction of the
monolithiated product of TTF with LDA in THF at —78 °C
with the formylating agent Et;N-(CH=CH),-CHO
afforded the vinylogue 325, which upon condensation with
malononitrile gave the tetrathiafulvalene-Tt-acceptor (D-7t-
A) 328. The detailed reactions of the TTF with different
formylating reagents along with the reaction conditions are
presented in Scheme 90.

= [>=<fva

CN

327

i) 1. LDA, THF, -78°C. 2. Et,N-(CH=CH),-CHO
ii) 1. LDA, THF, -78°C. 2. Me,N-CH=CH-CHO

iii) 1. LDA, THF, -78°C. 2. Ph(Me)NCHO, - 78°C
iv) Ph3P=CHCHO, CgHg, reflux
V) CHz(CN)z

, AcO"NH,*/AcOH, toluene, reflux
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Scheme 91.
9.8. Reaction with anthraquinone derivatives

The reaction of formyl tetrathiafulvalene 323 with the
phosphonium salt 229 under basic conditions was investi-
gated by Martin et al.'** to give the olefination product
2-(tetrathia-fulvalenylvinyl)-9,10-anthraquinone 329 in
90% yield, which upon cross-coupling with the phosphonate
esters 18 afforded the tetrathiafulvalene-extended-tetrathia-
fulvalenes (TTF-ex-TTF) 330a—c¢ (Scheme 91).

10. Dendralene and radialene tetrathiafulvalene
analogues

Treatment of tetrathiafulvalene derivatives 279 with oxalyl
chloride in DMF at 0 °C followed by subsequent hydrolysis
of the reaction mixture with sodium hydroxide in a
chloroform/water mixed solvent gave the corresponding
1-formyl derivatives 331a,b. The reaction of the formyl
compounds 331a,b with 1,3-dithiole-2-ylidene-tri-n-butyl-
phosphoranes 17 afforded 332a,b in 83 and 92% yield,
respectively. In similar manner, formylation of 332a,b gave
the formyl derivatives 333a,b in good yields. The formyl

Ri_g CHO
(COCI),/DMF
I O, ;[ — s—Ri
2.NaOHH,0 Ry S — I
31ab's” R,
I )=PR3|THF,-70°C
s I Ry " S I Ry
R - R -
1;[8 _ S” "R, 1.(COCI),/DMF 1;[8 _ S RRZ
Ry S o SIR1 2.NaOHH,0 Ry S _ SI !
OHC S S 5
333a,b 332ab
334a; Ry = R, = COOMe
334b; Ry,Ry = -(CH=CH),-
Scheme 92.
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derivatives 333a,b were allowed to cross-couple with 17 in
THF at —78 °C to produce the dimeric products of the
corresponding tetrathiafulvalenes 334a,b in 89 and 73%
yield, respectively (Scheme 92).°%14!

Yoshida et al.'*' have synthesized several tetrathiafulvalene
analogues containing two or more 1,3-dithiol-2-ylidene
moieties separated by conjugated double bonds such as
dendralenes and radialenes in low yields. Bromination of
334, which was obtained, by two consecutive Vilsmeier
reactions with oxalyl chloride in DMF and a Wittig reaction,
from TTF 279, using N-bromosuccinimide (NBS) in
CH,Cl, at room temperature afforded the 1,4-dibromo
derivatives 335 in quantitative yields. Treatment of the 1,4-
dibromo derivatives 335 with a zero-valent Ni(bpy)(cod)-
complex (bpy =2,2-bipyridyl, cod=1,5-cyclooctadiene) in
DMF at room temperature gave the [4]-radialenes 336 in
very low yield (3%) (Scheme 93).'*!

Bromination of 279 with N-bromosuccinimide (NBS)
afforded the dibromo derivatives 337 in good yields. An
intramolecular reductive coupling reaction using an
Ni(PPh3)4 complex and a Zn—Cu couple in the presence of
DMF as the solvent gave the corresponding hexakis(1,3-
dithiol-2-ylidene)cyclohexanes 338 (Scheme 94),142

R Rj:
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R7 Ry
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a; Ry = Ry = COOMe S¥¢ Ry
b; Ry,R; = -(CH=CH),- R, 336 R4

Scheme 93.
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New [3]- and [4]-dendralenes and [6]-radialenes bearing
electron-donor 1,3-dithiole 339 and ferrocene substituents

340 have been also synthesized and characterized
(Chart 17).'4?®

11. Dimeric, trimeric, tetrameric, dendrimeric and
oligomeric tetrathiafulvalenes

Br R, 1 R
= a Ry = Ry = COOMe, b; Ry Ry = _(CH:C::;:_ The syntheses of dimeric TTFs 346 and trimeric TTFs 335
were achieved by the reaction of the dithiolate anions
Scheme 94. formed from the dicyanoethylthio TTF 341 with the
2-iodopropyl-tetrathiafulvalene derivatives 342 in DMF as
the solvent.'*’ Reaction of substituted TTFs 341 with 342
(n=1) in the presence of CsOH in DMF gave 343, which
s__Me S s H cyclized to the dimeric. products 34.4 in good yield. In the
Me s — I [ - same manner, the reaction of 341 with 342 (n=2) gave the
:[ _ S° "Me S — corresponding 345 which upon cyclization using 1,3-
Me” S S--Me diiodopropane afforded the trimeric products 346
— I Fe (Scheme 95).'%
339 S” "Me 340 @
Similarly, the reaction of 341 with the trimeric TTF 342
Chart 17. (n=3) in an aqueous solution of CsOH gave the tetrameric
product 347 (R, R,=SCH,CH,S) (Scheme 96).'*
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A number of dendrimers and oligomers related to
tetrathiafulvalene analogues have been synthesized and
characterized by Bryce et al.'**® The electrochemical
properties of these dendrimers 348 and 349 were also
studied using cyclic voltammetry. The redox behavior of the
dendrimers exhibited two-oxidation potentials associated
with two reductions at E®'=0.55V and E***=0.86V
(Chart 18).

12. Applications and uses of tetrathiafulvalenes

Molecular sensors based on TTF have been reported
recently. Hansen and Becher have reviewed the properties
and uses of many tetrathiafulvalene derivatives as attractive
building blocks, new donors, molecular shuttles, NLO
materials, organic ferromagnets, sensors, conducting
polymers, and electroactive Langmuir—Blodgett (LB) films
and also their Cgy complexes. 4

12.1. Reaction with TCNQ to form CT complexes

Tetramethyltetrathiafulvalene 350 reacts with 2,5-dicyano-
3,6-dihydroxy-1,4-benzoquinone H,CNAL in THF/CH,Cl,
(2:1 ratio) to form a charge-transfer complex (TMTTF),-
HCNAL 351 as single black crystals, which showed
semiconductive behavior (Scheme 97).145

The TTF-TCNQ salts 352 and 353 were synthesized
according to the procedure described by Bryce et al.'*
The behavior of modified TTF-TCNQ salts as potential
mediators was compared to the unmodified TTF-TCNQ.
The modified TTF-TCNQ formed a smooth well-
defined film attached to the electrode surface. The
unmodified TTF-TCNQ salt formed microcrystalline
deposits that did not adhere firmly to the electrode surface
(Chart 19).'4¢

o)
+
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Me~ S S” “Me HO N R S™ [|NC CN
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Me.__s s—Me] ne i o I ¥ -
: _ : R_-S S -Mg[NCc CN
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Me Me ) HO CN R S S
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Scheme 97.
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CT Complex 353

Chart 19.
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Chart 21.

12.2. Reaction with TCNAQ derivatives
Bryce et al.'"*’ reported that the tetrathiafulvalene deriva-
tives underwent a reaction with TCNAQ or with its related
TCNAQ-CH,OH 357 to form the charge-transfer complex
358 as a brown crystalline solid in 50% yield. Lithiation of
TTF 354 with LDA in THF at —78 °C followed by reaction
with carbon dioxide gave the carboxylic acid derivative 355
in 61% yield. Conversion into the carbonyl chloride 356a
(X=Cl) and carbonyl fluoride 356b (X=F) was readily
achieved by reaction with oxalyl chloride and with cyanuric
fluoride in pyridine, respectively. Reaction of 356a,b with
TCNAQ afforded the target molecule 358 (Scheme 98).147

The CT complexes 359, 360 and 361 were obtained from the
reaction of donors 15a,b or 190 with the well-known
organic acceptor TCNQ in dichloromethane at reflux
temperature in good yields as dark-green crystals

(Chart 20).%"3

Similarly, the CT complexes 362 and 363 were obtained
from the reaction of the conjugated TTFs 197 or 198 with
TCNQ in refluxing dichloromethane for a long period. The
electrical conductivity measurements on 359 and 361
showed a substantial conductivity (¢=0.2Scm™' and
c=0.26S cm™ ', respectively), the CT complex 360
exhibited less conductivity (6 =4.8 X 10~*S cm™ "), whilst
the CT complexes 362 and 363 were found to act essentially
as insulators (¢ <107 'S cm ™) (Chart 21).*"3

Me Me
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364 365

Sensor molecule 364 and conducting polymer 365

Chart 22.
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12.3. Chemical sensors

Several TTFs were used as chemical sensors and the cation-
sensitive TTFs could be divided into planar TTF derivatives
with annelated macrocyclic moieties and distorted macro-
cyclic TTF systems. Planar derivatives which include
TTF-crown ethers and TTF-thiacrown ethers such as TTF
364 and conducting polymers 365 have been investigated
for their potential use as electroactive cation sensors
(Chart 22).'#%1%

12.4. Superconductor materials

With regard to the development of new TTF derivatives in
the search for electrically conducting materials, some
alternatives to the study of single crystals have been used
to grow layers of CT complexes, such as the formation of
LB films or chemical vapor deposition. The combination of
TTF donors, for example, 366 with nonorganic anions
(ClO04, PF6, etc.), which serve as acceptors led to the
formation of CT complexes. The (TMTSF),Cl04 367 was
synthesized as the first organic material that was

superconducting at ambient pressure. Although, it has a
relatively low superconducting transition temperature
(1.2 K), the interest in superconductivity and other rather
unusual properties in organic materials exploded after this
discovery (Chart 23).150

The first organic superconductor, (TMTSF),PFs 368 with
critical temperature 7.= 1.4 K under a hydrostatic pressure
of 12 kbar with a transition temperature of 0.9 K, was
discovered in 1980 by Bechgard et al. (Chart 24).">' The
salts based on TMTSF (Bechgard salts) are quasi-1-
dimensional (q-1D) conductors, while salts based on ET
are quasi-2-dimensional (q-2D) conductors, because of the
strong in-plane intramolecular interactions due to S---S
contacts.

A superconductor material like (BEDO-TTF),Re04.H,O
370 consists of layers obtained from the reaction of the
BEDO-TTF molecule 369 and ReO4.H,0. The resulting
complex was found to be a superconducting material at a
critical temperature of about 2 K (Chart 25).152
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Me~ S° S SE
372
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Recently, a number of the TTF derivatives 103, 359, 362
and 364-369 have been investigated as superconducting
salts.”>> In addition, a series of TTF derivatives, as shown in
Chart 26, were examined as superconducting materials and
alloys. Superconducting salts based on these molecules
showed a negative pressure effect. This means that the T, of
the corresponding superconductors decreases and
approaches O K under high pressure and the materials
remain metallic. In contrast to the effects of hydrostatic
pressure, however, uniaxial stress increases Tc.15 *There is a
borderline between real metals where the electronic motion

Me Me

S\/S

SJ\S
S%s&rs
Me‘%\/s S~/8\Me
Me 7 Me

37

Chart 27.
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is wave like and conductors where the electronic motion is
rather of a hopping type.

12.5. Ferromagnets

Hansen and Becher'** reported that the dithiol (DT) unit has
found use in attempts to produce organic ferromagnets. The
attempts have been directed towards systems with an odd-
fold axis of symmetry. Ferromagnetism, which is another
very important and useful physical property, is a special
state of complete spin alignment throughout the bulk.
Several theoretical models have already been proposed for
achieving a linear-chain ferromagnetic coupling in an
organic solid. Among the many systems synthesized
which may be suitable for this purpose are the two DT-
based systems 377 by Cava et al.'>> and 378 by Yoshida
et al."*° Although genuine bulk ferromagnetism is difficult
to achieve in an organic material, there is reason to believe
that the DT unit may prove useful in these types of advanced
materials (Chart 27).

12.6. TTF derivatives as NLO materials

Recent advances in polymeric electro-optic materials and
fabrication techniques for devices have significantly
increased the potential incorporation of these materials
and devices into modern high-bandwidth (fiber and wire-
less) telecommunication, information-processing and radar
systems.'® Push—Pull systems of general structure D-1-A
are being actively studied as NLO chromophores, since they
can exhibit large quadratic molecular hyperpolarizabilities
(B). These are electro-optic materials, the refractive index of
which can be changed by the application of an electric field,
and which are of interest as a result of their potential use in
areas such as optical modulation, molecular switching,
optical memory, and frequency doubling. The first NLO
materials containing the TTF unit as the donor moiety in
D-7t-A systems such as 324 and 327 were reported in 1998
by Martin et al.">’ The influence of different acceptors and
spacers connected to TTF has been also studied to optimize
the nonlinear optical response of these materials. It was
recognized that using stronger electron acceptors attached to
the TTF systems such as 379 and 380 resulted in an increase
in the NLO properties (Chart 28).'
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Abstract—Practical and efficient protocols to obtain highly hindered polyanionic chelating ligands based on bis-(3,5-di-tert-butyl-2-
hydroxybenzamido) compounds are reported here. N-3,5-di-tert-Butylsalicyloyloxysuccinimide was treated with aliphatic diamines to form
aliphatic hydrocarbon-linked bis-amides 4a—4g. Aromatic diamines required more powerful electrophile, thus the corresponding benzylated
acid chloride was used to form aromatic hydrocarbon-linked bis-amides 8a—8d. The yields ranged from good to very good and showed that
choosing the right acylating agent is a key point in this synthesis. All the compounds were characterized by elemental analysis, IR, MS and

NMR.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

During the last few years, chelating agents have reached
incredible levels of importance due to the remarkable
applications that they have found in metal complexes
catalysis." Carboxamido ligands are interesting because it
has been shown that they are highly resistant to oxidative
degradation.” The success of metal complexes in enantio-
selective catalysis depends, among other characteristics, on
the ability of the systems to tolerate very oxidative
environments.” Amides work much better than other
ligands such as imines or phosphines, as reactions can be
followed from their turnover frequencies (TOF). TOF over
100 have been described for bis-amides while for Schiff
bases they reach only 30 in the best cases. However, amide-
based ligands are less known than imines or phosphines.
Polyanionic chelating ligands have been used in the
synthesis of chromium, manganese, iron, cobalt, nickel
and copper complexes with unusual geometries, oxidation
states and spin states.”’ These characteristics are a
consequence of their strong ability to donate electron
density.”® Ligands containing voluminous groups have
become central in catalytic asymmetric synthesis since
they allow discrimination between different substrates and
even between faces of a substrate that is approaching the
active site.* Our goal is to obtain ligands that combine
these two characteristics. We described the synthesis of
N,N-disubstituted-3,5-di-terz-butyl-2-hydroxybenzamides
using the corresponding acid chloride, some years ago.’
This procedure, however did not afford any bis-amide when

Keywords: Amide ligands; Acylating agents; Ligands design.
* Corresponding author. Tel.: +56 41 204258; fax: +56 41 245974,
e-mail: jbelmar@udec.cl

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.02.064

it was tried with either aliphatic or aromatic diamines. The
reaction between salicyloyl chloride and diamines, the
obvious method, has been described and a few bis-amides
have already been reported.'™® However, substitution in the
aromatic moiety of the acid was different from the one
reported here. To our knowledge, bis-3,5-di-tert-butyl-2-
hydroxybenzamides have never been described by other
authors. N—hydrox;/succinimide esters have been used to
obtain tris-amides.” These esters are acylating agents which
can be used under very mild conditions, usually providing
good yields. It was decided to explore this approach to
obtain bis-(3,5-di-tert-butyl-2-hydroxybenzamides) using
several diamines.

2. Results and discussion

The synthetic route that was followed in the first trials® is
shown in Scheme 1. The yields were rather low, however,
we report here some modifications in the procedure, that
improved the yields up to 75%. Dimethylformamide was
used instead of acetone as solvent.

The starting ester 1 can be obtained in an almost quantitative
yield.” The succinimide ester 3 is also easily obtained and
readily crystallized. Since 3 is a fairly stable compound, it
can be stored and used whenever needed. Furthermore, the
bis-amides 4 are also readily purified by crystallization. The
physical characteristics and the analytical data that confirm
the compounds are presented in the Section 4. The infrared
spectra show two characteristic absortions over 3000 cm '
for NH and OH stretching. The C=0 absortion is shifted to
lower wavenumber compared to the succinimide ester 3.
The 'H NMR spectra show two important low field signals,
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the first, between 12 and 12.5 ppm for OH (2H), the second,
below 7 ppm for NH (2H). The NH signal is broad and the
multiplicity is not well resolved. The melting points, as
expected for amides, are high.

Unfortunately, the procedure has a serious drawback that
precludes its generality. It does not work with aromatic
diamines. Since the reaction proceeds in alkaline medium,
the actual reagent is a phenoxyde ion. Therefore, electro-
philicity at the carboxylic carbon diminishes. The com-
pound would become less reactive towards weaker
nucleophiles such as aromatic diamines. These statements
were confirmed by calculating the local electrophilicity
index at the reacting atom. This local philicity contains
information about the global electrophilicity, Fukui’s func-
tion and provides additional knowledge of electronegativity
as well as the local and global softness.” Scheme 2 shows
the modification that was made to overcome the difficulty.

Oxalyl
OH BrBn OBn KOH OBn Chlorlde
—_— _— >
OMe K,CO, (OMe MeOHIH,0
o 5 o

Aromatlc
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o (\ o
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Route 2: Aromatic diamines
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Scheme 2.

In the first trials to enhance the electrophilicity at the
carboxylic carbon, compound 3 was benzylated. The
product is obtained in good yield, however, it did not
react with aromatic diamines, being isolated unchanged.
Finally, the benzylated acid chloride 7 did react with
aromatic diamines. The bis-amides 8 were debenzylated by
hydrogenolysis using Pd/C with a continuous stream of
hydrogen and good stirring at 40 °C.'"® Even though the

yields of amides were only moderate to good, the procedure
is still easy to be carried out. Besides benzylation,
acetylation and methylation were also tried without success.
Authors that used methylation to protect the phenolic
hydroxyl of other salicylic acid derivatives, failed in the
deprotection step.'™ The IR spectra of the bis-amides 9 show
the same characteristic absortion bands above mentioned.
The 'H NMR spectra of compounds 9, show signals at
8.5 ppm for the aromatic amides NH.

Amides (4 and 9) were dried at room temperature in a
vacuum oven after crystallization and filtration. The
samples were then analyzed by thermogravimetry. Only
one mass loss of 97% was observed at 250 °C. Below that
temperature no mass loss regions were observed, showing
the absence of water. This result accounts for the sharp
coincidence between calculated and experimental values of
elemental analysis. This behavior has been reported by other
authors."'

From the results, it can be seen that choosing the right
acylating system depends on the reactivity of the nucleo-
phile. When the extremely reactive chloride of acid 2 reacts
with ahPhatic diamines, unwanted secondary reactions are
favored' > and the final product becomes very difficult to
isolate from the reacting mixture. A ‘milder’ electrophile
such as 3, affords the products without difficulties, provided
that ‘good’ nucleophiles are used. In fact, compound 3 does
not react with aromatic diamines, owing to their lower
reactivity. A stronger acylating agent is required in that
case, even stronger than the chloride of acid 2, as it is the
case with the benzylated chloride 7. The reactivity of this
compound that does not have acidic protons remains
unchanged in alkaline medium.

Co(IIT) complexes are currently being obtained in our
laboratory and we are working to characterize them. In order
to obtain the tetraanion, the ligands are deprotonated by
treatment with n-butyllithium. Anhydrous CoCl, is added
and then oxygen is bubbled trough the solution during 2 h.
The characteristic bands associated with NH and OH
stretching are not observed in the IR spectra of the
complexes. Besides, the stretching band corresponding to
the amide carbonyl is shifted to higher frequencies with
respect to the free ligand. Far IR spectra show a signal
around 550 cm ™! corresponding to the Co-N stretching.

3. Conclusion

In summary, we have described convenient procedures to
obtain both aliphatic and aromatic bis-amides derived from
3,5-di-tert-butyl-2-hydroxybenzoic acid. The procedures
are easily carried out in good yields. Some of the
synthesized chelating molecules here described have a
very hindered coordinating center. These ligands are
promising species to be used in asymmetric catalysis.*'>'*
These polyanionic chelating molecules have two carboxamido
and two phenolic groups, both of them strong electron donors,
therefore it is quite likely that they will be able to stabilize
high valence complexes with transition metals.*” Both chlral
and nonchiral molecule can find many applications.'> Our
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final goal is to try them in enantioselectively catalyzed
reactions.

4. Experimental

The compounds synthesized were characterized using FTIR
(Nicolet, Magna 550, KBr discs). 13C and 'H NMR (Bruker
AC 250P; 62.9 and 250 MHz, respectively, TMS as internal
standard). The solvent was CDCl;, except when otherwise
stated. "H-"3C correlation spectra and DEPT were also used
for signal assignment. High resolution mass spectra were
obtained (VG Autospec Micromass with magnetic sector)
using the electronic impact technique (70eV, 230 °C).
Melting points (in Celsius degrees) were obtained in a
Kofler Microscope and are uncorrected. Elemental analyses
were obtained in a Fison EA 1108 Analyzer. Infrared
values (v) are quoted in reciprocal centimeters (cmfl),
NMR chemical shifts (6) are quoted in ppm. Racemic
1,2-propanediamine was used. Racemic trans-1,2-cyclo-
hexanediamine'® and racemic 2,2’-diamine-1,1’-binaph-
thyl'” were resolved as reported.

4.1. Synthesis of aliphatic bis-amides

4.1.1. N-3,5-di-tert-Butylsalicyloyloxysuccinimide (3).
3,5-di-tert-Butylsalicylic acid 2 (20 g, 0.083 mol) and
N-hydroxysuccinimide (8.9 g, 0.088 mol) were dissolved
in 300 ml of dioxane. The solution was cooled to 10 °C and
dicyclohexylcarbodiimide (19.5 g, 0.094 mol) dissolved in
300 ml of the same solvent, was slowly dropped. The
reaction mixture was stirred for 24 h at room temperature.
The urea was separated by filtration and the filtrate
evaporated to dryness. The white solid was recrystallized
from ethanol. Yield: 74%, mp: 168-170°. Anal. Elem.
C9H,5NOs: Caled C, 65.69, H, 7.25, N, 4.03. Found. C,
65.67, H, 7.23, N, 4.05. "H NMR: 10.12 (s, 1H, OH), 7.83,
7.76 (d, d, J=2.45 Hz, 2H, CH arom.), 2.93 (s, 4H, CH,—
C=0), 1.42, 1.31 (s, s, 18H, CMes). °C NMR: 169.1 (2C,
C=0, imide), 166.3 (1C, C=0, ester), 159.7, 141.5, 137.8,
133.3, 123.4, 107.1 (6C, arom.). MS: M 347.16 (347.40).
FT-IR: 3285 (OH), 2959 (CH), 1737 (C=0), 1598 (C=C).

4.2. bis-Amides (4a—4f). General method

To a solution of N-3,5-di-fert-butylsalicyloyloxysuccini-
mide (2.0 g, 5.6 mmol) and the corresponding diamine
(2.8 mmol) in 15 ml of DMF, 5 ml of Et;N and a catalytic
amount of DMPA were added. The reaction mixture was
stirred for 12 h at room temperature and then poured into
ice/10% HCI. The mixture was extracted with 50 ml of ethyl
acetate and the aqueous layer was extracted again. The
organic extracts were combined, washed with brine, dried
over Na,SO, and rotovapped. The solid was recrystallized
from ethanol.

4.2.1. 1,2-bis-(3,5-di-tert-Butyl-2-hydroxybenzamido)-
ethane (4a). Yield: 72%, mp: 235-236°. Anal. Elem.
C3,H4gN>04: Caled C, 73.23, H, 9.24, N, 5.34. Found. C,
73.22,H,9.25,N, 5.35. '"HNMR: 12.67 (s, 2H, OH), 7.60 (s,
broad, 2H, NH), 7.46, 7.30 (d, d, J=2.03 Hz, 4H, arom.),
3.71 (s, 4H, CH,N), 1.41, 1.31 (s, s, 36H, CMe;). °C NMR:
172.8 (2C, C=0), 158.9, 140.2, 138.1, 129.2, 119.7, 112.5

(12C, arom.), 40.7 (2C, CH,N), 35.2, 34.3 (4C, CMe3),
31.4, 29.4 (12C, CMe3). MS: M+ 524.35 (524.78). FT-IR:
3335 (OH), 2958 (C-H), 1541 (C=0).

4.2.2. 1,2-bis-(3,5-di-tert-Butyl-2-hydroxybenzamido)-
propane (4b). Yield: 77%, mp: 223-225°. Anal. Elem.
C33H59N>O4: Caled C, 73.56, H, 9.37, N, 5.20. Found. C,
73.59, H, 9.37, N, 5.16. '"H NMR: 12.75, 12.60 (s, s, 2H,
OH), 7.45 (s, broad 3H, 2H arom. and NH « to CH,), 7.35
(d, /=6.55 Hz, 1H, NH « to CH), 7.24 (d, J=2.48 Hz, 2H,
arom.), 4.37, 3.72, 3.52 (m, m, m, 3H, CH and CH>), 1.39 (s,
18H, CMey), 1.35 (d, J=6.66 Hz, 3H, CH; 8 to N), 1.30 (s,
18H, CMe;). '*C NMR: 172.8, 172.2 (2C, C=0), 158.9,
158.8, 140.1, 138.2, 138.1, 129.9, 129.2, 119.5, 112.5 (12C,
arom.), 47.3 (1C, CH a to N), 46.2 (1C, CH, o to N), 35.2,
34.3 (4C, CMes), 31.4, 29.3 (12C, CMe5), 18.3, (1C, Me B
to N). MS: M+ 538.38 (538.81). FT-IR: 3410 (NH), 3370
(OH), 2957 (CH), 1536 (C=0).

4.2.3. 1,3-bis-(3,5-di-tert-Butyl-2-hydroxybenzamido)-
propane (4c). Yield: 76%, mp: 218-220°. Anal. Elem.
C33H50N,04: Caled C, 73.56, H, 9.37, N, 5.20. Found. C,
73.60, H, 9.38, N, 5.25. "H NMR: 12.73 (s, 2H, OH), 7.49
(d, J=2.18 Hz, 2H, arom.), 7.40 (t, not well resolved, 2H,
NH), 7.38 (d, /=2.18 Hz, 2H, arom), 3.57 (m, 4H, CH,N),
1.83 (broad signal, 2H, CH, B to N), 1.44, 1.34 (s, s, 36H,
CMes). °C NMR: 172.0 (2C, C=0), 158.8, 140.1, 138.2,
129.5, 113.0, (12C, arom.), 35.5 (2C, CH,N), 35.2, 34.3
(4C, CMe3), 31.4 (6C, CMe3), 29.5 (1C, CH, B to N), 29.4
(6C, CMe;). MS: M 538.26 (538.81). FT-IR: 3410 (NH),
3369 (OH), 2957 (CH), 1535 (C=0).

4.2.4. 1,3-bis-(3,5-di-tert-Butyl-2-hydroxybenzamido)-
2,2-di-methylpropane (4d). Yield: 83%, mp: 251-252°.
Anal. Elem. C35sHs4N,>O,: Caled C, 74.15, H, 9.62, N, 4.94.
Found. C, 74.17, H, 9.60, N, 4.93. "H NMR: 12.71 (s, 2H,
OH), 7.62 (t, J=6.42Hz, 2H, NH), 7.52, 7.44 (d, J=
2.17 Hz, 4H, arom.), 3.29 (d, J=6.70 Hz, 4H, CH,N), 1.45,
1.37 (s, s, 36H, CMe;), 1.04 (s, 6H, CH3). >*C NMR: 171.9
(2C, C=0), 158.8, 140.1, 138.1, 129.0, 119.4, 113.0 (12C,
arom.), 46.4 (2C, CH,N), 37.1 (1C, C(CHs),), 35.2, 34.3
(4C, CMes), 31.2, 29.3 (12C, CMes), 23.8 (2C, CH;). MS:
M™ 566.41 (566.87). FT-IR: 3317 (NH), 3270 (OH), 2958
(CH), 1553 (C=O0).

4.2.5. 1,4-bis-(3,5-di-tert-Butyl-2-hydroxybenzamido)-
butane (de). Yield: 72%, mp: 248-249°. Anal. Elem.
C34H52N204: Calcd C, 7386, H, 950, N, 5.07. Found. C,
73.90, H, 9.49, N, 5.07. 'H NMR: 12.64 (s, 2H, OH), 7.46,
7.19 (d, d, J=2.3 Hz, 4H, arom.), 6.76 (t, broad, not well
resolved, 2H, NH), 3.53 (m, not well resolved, 4H, CH,N),
1.75 (broad signal, 4H, CH, B to N), 1.42, 1.30 (s, s, 36H,
CMe3). '*C NMR: 171.6 (2C, C=0), 158.7, 139.1, 128.8,
119.1, 113.1 (12C, arom.), 39.4 (2C, CH,N), 35.2, 34.3 (4C,
CMes), 31.4,29.3 (12C, CMes), 26.8 (2C, CH, B to N). MS:
M 552.29 (552.84). FT-IR: 3397 (NH, OH), 2956 (CH),
1542 (C=0).

4.2.6. 1,5-bis-(3,5-di-tert-Butyl-2-hydroxybenzamido)-
pentane (4f). Yield: 73%, mp: 215-217°. Anal. Elem.
C35Hs4N,O,: Caled C, 74.15, H, 9.62, N, 4.94. Found. C,
74.19, H, 9.61, N, 4.93. '"H NMR: 12.69 (s, 2H, OH), 7.45,
7.12 (d, d, J=2.28 Hz, 4H, arom.), 6.40 (t, not well
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resolved, 2H, NH), 3.45 (m, 4H, CH,N), 1.71 (m, 4H, CH, B
to N), 1.48 (m, 2H, CH, v to N), 1.42, 1.30 (s, s, 36H,
CMe3). '3C NMR: 171.3 (2C, C=0), 158.7, 139.9, 138.2,
128.8, 118.9, 113.3 (12C, arom.), 39.6 (2C, CH,N), 35.2,
34.3 (4C, CMe3), 31.4, 29.3 (12C, CMe3), 29.3 (2C, CH, B
to N), 24.4 (1C, CH, v to N). MS: M 566.39 (566.87).
FT-IR: 3403 (NH, OH), 2958 (CH), 1536 (C=0).

4.2.7. (R,R)-1,2-bis-(3,5-di-tert-Butyl-2-hydroxybenza-
mido) cyclohexane (4g). (R,R)-Cyclohexane-1,2-diammo-
nium mono-(+)-tartrate salt (0.70 g, 2.8 mmol), K,CO;
(0.81 g, 5.8 mmol) and 30 ml of EtOH/H,O (5:1) were
placed in a 100 ml one-necked round-bottomed flask
equipped with a reflux condenser. The mixture was stirred
and heated at 80 °C for 30 min. Then, it was cooled to room
temperature and compound 3 (2.0 g, 5.6 mmol) and DMPA
were added. Stirring was continued for 12 h. The work up
was the same described in the general method for bis-
amides. Yield: 62%, mp: 238-242° (amorphous solid).
Anal. Elem C3¢Hs4N,0O4: Calc. C, 74.69, H, 9.42, N, 4.84.
Found. C, 74.72, H, 9.42, N, 4.86. "H NMR: 12.76 (s, 2H,
OH), 7.44, 7.20 (d, d, 4H, J=2,0 Hz, arom.), 7.03 (t, not
well resolved, 2H, NH), 3.95 (broad signal, 2H, CHN), 2.22
(broad signal, 2H, CH, B N), 1.92 (broad signal, 2H, CH,
N), 1.39, 1.31 (s, s, complex signal, 40H, CMe; and CH, v
N). °C NMR: 171.8 (2C, C=0), 158.7, 139.9, 137.8,
128.9, 119.3, 112.3 (12C, arom.), 54.0 (2C, CHN), 34.9,
34.1 (4C, CMes), 31.9 (2C, CH, B to N), 31.2, 29.1 (12C,
CMes), 24.4 (2C, CH, 7y to N). MS: M 578.39 (578.88).
FT-IR: 3348 (OH), 3296 (NH), 2955 (CH), 1550 (C=0).

4.3. Synthesis of aromatic bis-amides

4.3.1. Methyl 3,5-di-tert-butyl-2-benzyloxybenzoate (5).
In a 100 ml one-necked round-bottomed flask methyl 3,5-di-
tert-butylsalicylate (10 g, 0.038 mol), benzyl bromide
(5.0 ml, 0.042 mol, 7.1 g) and K,CO;5 (5.2 g, 0.038 mol) in
40 ml of DMF were stirred during 48 h at room temperature.
The mixture was then poured into 500 ml of ice, stirred
some minutes and filtered. The white solid was recrysta-
lizated from ethanol. Yield: 90%, mp: 81-83°. Anal. Elem.
Cy3H3005: Caled C, 77.95, H, 8.54. Found. C, 78.01, H,
8.59. 'H NMR: 7.62, 7.54 (d, d, J=2.54 Hz, 2H, arom.),
7.49-7.33 (complex signal, 5H, benzyl group), 4.91 (s, 2H,
CH,-phenyl), 3.80 (s, 3H, OCHs3), 1.41, 1.33 (s, s, 18H,
CMe3). '3C NMR: 168.7 (1C, C=0), 155.6, 145.2, 142.8,
137.5, 128.3, 128.1, 127.6, 127.0, 126.1, 124.7 (12C,
arom.), 76.5 (1C, CH,-phenyl), 52.2 (1C, OCHs), 35.4,
34.5 (2C, CMe3), 31.3, 30.7 (6C, CMe3). MS: M 354.11
(354.50). FT-IR: 2956 (CH), 1728 (C=0), 1226 (C-0).

4.3.2. 3,5-di-tert-Butyl-2-benzyloxybenzoic acid (6). To a
solution of 5§ (10.1 g, 0.030 mol) in 150 ml of methanol,
KOH (6.7 g, 0.11 mol) dissolved in 50 ml of water was
added. The resulting mixture was refluxed with stirring
during 4 h and then poured into 500 ml of an ice-10% NaOH
mixture, stirred and filtered. The white solid was recrys-
tallized from ethanol. Yield: 75%, mp: 173-175°. Anal.
Elem. C,,H,g05: Caled C, 77.67, H, 8.31. Found. C, 76.79,
H, 8.19. '"H NMR: 11.31 (s, 1H, OH), 7.91, 7.63 (d, d, J=
2.41 Hz, 2H, arom.), 7.49-7.36 (complex signal, SH, benzyl
group), 4.97 (s, 2H, CH,-phenyl), 1.46, 1.34 (s, s, 18H,
CMes). °C NMR: 170.6 (1C, C=0), 156.1, 146.3, 143.1,

136.5, 129.8, 128.5, 128.1, 127.7, 127.5, 123.4 (12C,
arom.), 78.0 (1C, CH,-phenyl), 35.6, 34.7 (2C, CMejs),
31.3, 31.0 (6C, CMes). MS: Mt 340.16 (340.47). FT-IR:
3433 (OH), 2910 (CH), 1691 (C=0).

4.4. Benzylated bis-amides (8a—8d). General method

To a solution of 6 (2.5 g, 7.3 mmol) in CH,Cl, and cooled to
0°C, oxalyl chloride (1.3 ml, 0.015mol, 1.9g) and a
catalytic amount of DMF were added. The mixture was
stirred during 4 h at room temperature. When the reaction
was finished the solvent was removed under reduced
pressure in a rotary evaporator and the solid was treated
with some extra CH,Cl, and again evaporated. This
treatment was repeated one more time. The residue was
redissolved in 30 ml of CH,Cl, and cooled to 0 °C. To this
solution 5 ml of pyridine and a catalytic amount of DMPA
were added. The diamine was dissolved in 20 ml CH,Cl,
and dropped into the cooled solution. The mixture was
stirred during 12 h and then it was refluxed during 4 h. The
solution was finally poured into 500 ml of an ice-10%
NaOH mixture and filtered. The solid was recrystallized
from ethanol.

4.4.1. 1,2-bis-(3,5-di-tert-Butyl-2-benzyloxybenzamido)
benzene (8a). Yield: 77%, mp: 196-197°. Anal. Elem.
CsoHgoN,04: Caled C, 79.74, H, 8.05, N, 3.72. Found. C,
80.02, H, 8.00, N, 3.69. '"H NMR: 8.97 (s, 2H, NH), 7.61,
7.48 (d, d, J=2.57 Hz, arom.), 7.37-7.25, 7.02 (complex
signals, 12H, benzyl and phenyl groups), 4.97 (s, 4H, CH,-
phenyl), 1.43, 1.27 (s, s, 36H, CMe3). 13C NMR: 166.5 2C,
C=0), 153.5, 146.5, 142.4, 136.6, 130.5, 128.7, 128.4,
127.7, 127.5, 126.8, 126.1, 125.9, 124.7 (26C, arom.), 77.2
(2C, CH;-phenyl), 35.4, 34.6 (4C, CMes), 31.3, 30.9 (12C,
CMes). MS: M 752.39 (753.08). FT-IR: 3066 (NH), 2958
(CH), 1660 (C=0).

4.4.2. 2,6-bis-(3,5-di-tert-Butyl-2-benzyloxybenzamido)
pyridine (8b). Yield: 65%, mp: 209-211°. Anal. Elem.
C49H59N50,: Caled C, 78.04, H, 7.90, N, 5.57. Found. C,
78.91, H, 7.95, N, 5.41. "H NMR: 9.06 (s, 2H, NH), 8.03 (d,
J=8.0 Hz, 2H, CH py), 7.84 (d, J=2.35 Hz, 2H, arom.),
7.71 (t, J=8.55 Hz, 1H, CH py), 7.59 (d, J=2.37 Hz, 2H,
arom.), 7.37 (d, J=7.48 Hz, 4H, benzyl group), 7.18 (t, J=
7.41 Hz, 4H, benzyl group), 7.03 (t, J="7.28 Hz, 2H, benzyl
group), 4.82 (s, 4H, CH,-phenyl), 1.37, 1.15 (s, s, 32H,
CMe;). C NMR: 165.7 (2C, C=0), 153.6, 149.5, 146.9,
143.0, 140.9, 136.1, 128.6, 128.2, 127.9, 127.8, 127.6,
126.5, 110.0 (29C, arom.), 77.8 (2C, CH,-phenyl), 35.6,
34.7 (4C, CMe3), 31.4, 31.1 (12C, CMe3). MS: M 753.41
(754.07). FT-IR: 3375 (NH), 2959 (CH), 1675 (C=0).

4.4.3. 1,8-bis-(3,5-di-tert-Butyl-2-benzyloxybenzamido)
naphthalene (8c). Yield: 51%, mp: 204-206°. Anal.
Elem. Cs4HgN,O,4: Caled C, 80.75, H, 7.80, N, 3.49.
Found. C, 81.01, H, 7.91, N, 3.42. '"H NMR: 9.46 (s, 2H,
NH), 7.59-7.47, 7.17-7.11 (complex signals, 16H, benzyl
and phenyl groups), 7.53, 7.39 (d, d, J=2.32 Hz, 4H,
arom.), 4.79 (s, 4H, CH,—phenyl), 1.30, 1.18 (s, s, 32H,
CMe;). °C NMR: 166.8 (2C, C=0), 153.0, 146.5, 142.2,
136.3, 135.4, 132.3, 129.0, 128.3, 127.7, 126.6, 126.3,
125.9, 125.2, 121.7 (34C, arom.), 76.9 (2C, CH,—phenyl),
35.4, 34.6 (4C, CMes), 31.4, 30.9 (12C, CMe3). MS: M
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802.67 (803.14). FT-IR: 3338, 3342 (NH), 2957 (CH), 1662
(C=0).

4.4.4. (R)-2,2'-bis-(3,5-di-tert-Butyl-benzyloxybenza-
mido)-1,1-binaphthyle (8d). Yield: 54%. mp: 194—
196 °C. Anal. Elem. Cg4HggN,O,: Caled C, 82.71,H, 7.39,
N, 3.02. Found. C, 83.01, H, 7.83, N, 2.98. 'H NMR: 8.35
(d, J=8.97 Hz, 2H, arom.), 7.97 (s, 2H, NH), 7.89 (d, /=
9.0 Hz, 2H, binaph.), 7.76 (d, J=8.2 Hz, 2H, arom.), 7.26—
6.91 (complex signal, 10H, benzyl and binaph.) 4.61, 4.59
(s, s, 4H, CH,—phenyl), 1.08, 1.05 (s, s, 36H, CMes). °C
NMR: 166.9 (2C, C=0), 153.4, 145,6, 142.3, 136.7, 135.2,
132.3, 131.3, 129.7, 128.9, 128.1, 127.8, 127.7, 127.2,
126.9, 125.4, 125.0, 124.5, 122.2, 122.0 (22C, arom.), 76.7
(2C, CH,—Phenyl), 35.2, 34.3 (4C, CMe3), 31.2, 30.6 (12C,
CMe3). MS: M™ 928.70 (929.30). FT-IR: 3391, 3353 (NH),
2959 (CH), 1676 (C=0).

4.5. Hydrogenolysis. General procedure

A solution of the corresponding bis-amide (1-1.5 mmol) in
5 ml of toluene was diluted with 100 ml of absolute ethanol
and debenzylated at 40 °C over a 10% Pd/C catalyst. A
continuous stream of H, was passed trough the suspension
until no O-benzylated material was detected by TLC. The
reaction mixture was filtered through Celite and evaporated
under reduced pressure. The solid was recrystallized from
ethanol.

4.5.1. 1,2-bis-(3,5-di-tert-Butyl-2-hydroxybenzamido)-
benzene (9a). Yield: 79%, mp: 251-253°. Anal. Elem.
C36H4gN>Oy: Caled C, 75.48, H, 8.46, N, 4.89. Found. C,
75.70, H, 8.55, N, 4.78. '"H NMR (DMSO): 12.95 (s, 2H,
OH), 10.36 (s, 2H, NH), 7.78, 7.71, 7.49 (broad signals, 8H,
arom.), 1.45, 1.29 (s, s, 36H, CMes). '*C NMR (DMSO):
171.6 (2C, C=0), 159.3, 140.0, 138.1, 135.1, 130.0, 129.1,
127.1, 125.9, 126.4, 119.5, 112.3 (22C, arom.), 35.2, 33.91
(4C, CMe;), 31.1, 29.4 (12C, CMe3). MS: Mt 572.30
(572.82). FT-IR: 3302 (NH, OH), 2958 (CH), 1529 (C=0).

4.5.2. 2,6-bis-(3,5-di-tert-Butyl-2-hydroxybenzamido)-
pyridine (9b). Yield: 45%. mp: 287-289°. Anal. Elem.
C55H47N50,4: Caled C, 73.26, H, 8.27, N, 7.32. Found. C,
72.91,H, 8.18,N, 7.19. "HNMR: 12.22 (s, 2H, OH), 8.34 (s,
broad, 2H, NH), 8.00 (d, J=28.0 Hz, 2H, CH py), 7.78 (t, J=
7.80 Hz, 1H, CH py), 7.48 (d, /=2.07 Hz, 2H, arom.), 7.28
(d, J=2.02 Hz, 2H, arom.), 1.38, 1.29 (s, s, 36H, CMej3).
3C NMR: 169.8 (2C, C=0), 159.4, 149.1, 141.0, 140.4,
138.6, 130.0, 119.2, 112.9, 110.7 (17C, arom.), 35.3, 34.4
(4C, CMe;), 31.5, 29.3 (12C, CMe;). MS: M™* 573.35
(573.81). FT-IR: 3382 (NH), 2961 (CH), 1673 (C=0).

4.5.3. 1,8-bis-(3,5-di-tert-Butyl-2-hydroxybenzamido)
naphthalene (9¢). Yield: 58%, mp: 291-293°. Anal.
Elem. C4yHs50N,O,4: Caled C, 77.13, H, 8.11, N, 4.50.
Found. C, 77.18, H, 8.10, N, 4.48. '"H NMR: 12.48 (s, 2H,
OH), 8.61 (s broad, 2H, NH), 7.93, 7.90 (d, d, /=1.89 Hz,
2H, napht.), 7.52 (complex signal, 4H, naph.), 7.35, 6.99 (d,
d, J=2.14 Hz, 4H, arom.), 1.39, 0.93 (s, s, 36H, CMe3). '*C
NMR: 170.2 (2C, C=0), 158.2, 139.8, 136.6, 134.7, 128.5,
127.1, 126.7, 121.9, 113,5 (18C, arom.), 34.7, 34.0 (4C,
CMe3), 31.2,29.2 (12C, CMes). MS: M ™" 622.34 (622.88).
FT-IR: 3439, 3305 (NH, OH), 2958 (CH), 1590 (C=0).

4.5.4. (R)-2,2'-bis-(3,5-di-tert-Butyl-2-hydroxybenza-
mido)-1,1"-binaphthyle (9d). Yield: 51%. mp: 136-148°
(amorphous solid). Anal. Elem. Cs5oHsgN,O4: Calcd C,
80.17, H, 7.55, N, 3.74. Found. C, 80.15, H, 7.45, N, 4.01.
'"H NMR: 12.24 (s, 2H, OH), 8.85 (d, J=9.09 Hz, 2H,
arom.), 8.16 (d, /J=9.09 Hz, 2H, arom.), 8.08 (d, J=
8.10 Hz, 2H, binaph.), 7.93 (s, 2H, NH), 7.53-7.22
(complex signal, 6H, binaph.), 6.18 (d, /J=1.53 Hz, 2H,
binaph.), 1.36, 0.97 (s, s, 18H, CMes). >C NMR: 169.5 (2C,
C=0), 159.0 (2C, C-NH, binaph.), 140.1, 138.1, 134.8,
132.1, 131.3, 130.5, 129.2, 128.6, 128.0, 126.0, 124.6,
120.8, 119.9, 119.0, 113.1 (30C, arom.), 35.1, 33.8 (4C,
CMe,), 31.1,29.2 (12C, CMe3). MS: M ™" 748.40 (749.04).
FT-IR: 3415 (NH, OH), 2956 (CH), 1592 (C=0).
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Abstract—The synthesis of a series of new fluorescent building blocks 1a—d incorporating a pyridinoindolizine unit and two potentially
reactive sites is described. The reaction of 1la—d with the mono-6-amino-6-deoxy-f-cyclodextrin provides the corresponding fluorescent
water soluble hosts 2a—d in good yield. The sensor properties of 2a—d in the presence of 1-adamantanol is described.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Designing functionalisable fluorescent organic compounds
which can be used as building blocks for the synthesis of
new chromogenic derivatives with distinctly different
physical and/or chemical properties is a great interest to
biologists' and organic materials chemists.” Such reactive
fluorophores are, for example, widely employed as
fluorescent labels in the study of complex biological
systems (DNA hybridisation)’ and in analytical HPLC
derivatisation reactions” in order to overcome the problem
of low detection limits. It has been shown that the presence
of a functionality on the fluorescent backbone could also
offer the opportunity to modify their solubility by introdu-
cing long chain or ionic moieties with the aim to improving
the solubility in organic solvents and water, respectively.’

The attachment of fluorophores to synthetic receptors has
also received considerable interest over the last few years, in
endeavours to furnish new fluorescent sensors.® In particu-
lar, fluorescent cyclodextrins have generated considerable
interest from the synthetic community as witnessed by
recent articles dealing with their synthesis and emphasizing
their sensory,” but also their biochemical® and photoelec-
tronic’ properties. On the other hand, indolizinic derivatives
are of interest as biologically active products and are well
known to exhibit a variety of pharmacological effects
including cardiovascular,'® anti-inflammatory activities''
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but also antioxidant properties.'> In addition to exhibiting a
spectrum of pharmacological effects, synthetic indolizinic
derivatives are also well known for their fluorescence
properties and some of them have already been used as
dyes'? and biological markers.'*

Considering the well known fluorescence properties of
indolizine derivatives, the incessant need for new reactive
fluorophores and the increasing importance of fluorescence
spectroscopy in both biological and supramolecular recog-
nition fields, we were interested on the synthesis on new
fluorescent building blocks including an indolizinic unit
bearing two potential different reactive functions, e.a a
4-nitrophenoxycarbonyl leaving group (site A) and a free
pyridinic moiety (site B), as sites for further structural
modifications (Fig. 1).

Herein, we describe the convenient synthesis and the
characterisation of the new type fluorescent building block
1 and its successful incorporation into the primary face of
the B-cyclodextrin through the reactivity of the nitrophenyl-
ester group (site A). Fluorescence properties of graft
compounds 2a—d are also described through, notably, the
evaluation of their sensitivity factors in the presence of
I-adamantanol.

2. Results and discussion

2.1. Synthesis and characterisation

Scheme 1 displays the strategy involved for the preparation
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Figure 1. The new fluorescent building block 1 and its corresponding B-cyclodextrin fluorescent sensor 2.
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Scheme 1. Synthesis of 1la—e.

of the new reactive fluorophore 1. The literature offers
several methods for the construction of the indolizinic
unit."> Among them, due to the easy access of 1,3 dipoles
derived from cycloimmonium salts and the wide range of
dipolarophiles commercially available, the 1,3-dipolar
cycloaddition of pyridinium ylide derivatives with activated
double or triple bonds has been shown to be a highly
effective and powerful strategy to build this pentatomic
framework. '

Thus, the salt method'” has been applied in order to obtain
the bipyridinium ylides 6. Quaternization of the bipyridine 3
at room temperature in dry acetone with the commercially
available 4-substituted w-bromoacetophenones 4a—d gave
the corresponding monosalts Sa—d in high yields. Next these
salts in the presence of triethylamine (TEA) form the
monosusbstituted carbanions ylides 6a—d ‘in situ’ which
undergo a 1,3-dipolar cycloaddition reaction with the

R

electron-deficient compound 7 to give primary cycloadducts
8a—d which spontaneously furnish, after rearomatisation,
finals compounds 1a—d, in good yields (Table 1). It should
be noted, that, to the best of our knowledge, the
dipolarophile 7 was used for the first time in this type of
chemical transformation. Moreover the presence of the
leaving group (4-NO,PhO-) in its structure does not affect
the yield compared to other dipolarophiles previously
used.'®* Thus, this activated dipolarophile could offer
various applications with the aim to functionalising other
heterocyclic frameworks. The structure of la-d were
deduced from their spectroscopic data. IR spectra of 1la—d
showed three characteristic absorption bands at =1610,
1725, 1520 cm ™~ ! ascribed to » (C=0), v (0-C=0) and v
(NO,), respectively. The C'? spectra exhibited two signals
=~ 185 and 160 ppm for 1a—d, which confirm the presence of
a ketone and a carboxylic acid derivative, respectively.
Examination of the crude reaction mixture by 400 MHz 'H
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Table 1. Emission variations of 2a—d, measured in phosphate buffer (pH="7.0, 25 °C) with [2a-d],=0.01 mM and [1-adamantanol] =0.1 mM

Compound Yield (%) Allly Aexe (Nm) Ky M 1)
la 49 — — —

1b 53 — — —

1c 57 — — —

1d 46 — — —

2a 52 0.449 274 79,500
2b 54 0.306 273 91,200
2c 58 0.094 275 192,000
2d 38 0.321 276 127,600

NMR spectroscopy revealed the formation of la—d as a
single regioisomer. The assignments of most of the proton
signals were performed using 1D NMR experiment (see
Section 4) and the complete structure elucidation, including
the determination of the relative regiochemistry, were
secured through two-dimensional techniques (COSY-LR
and NOE). The absence in the COSY-LR spectra and in
NOESY experiments of crossed signals between H's and
H'¢ allowed the unambiguous assignment of the regio-
chemistry of 1la—d.

The mono-6-amino-6-deoxy-B-cylodextrin 9 was synthe-
sised via a three step process involving a preliminary
regioselective tosylation into the primary face of BCD,'
following, by the displacement of the tosyl leaving group
with NaN3'® and the reduction of the azido group via the
Staiidinger reaction.?’ (Scheme 2) Then, the mono-6-
amino-6-deoxy-B-cylodextrin 9 was treated with la—d in
NMP (N-Methylpyrrolidone) at 50 °C to give the corre-
sponding fluorescent B-CD. Crude 2a—d were isolated by
precipitation from acetone and then successively purified
using Sephadex CM25 and G15 chromatography, respect-
ively. Analysis of 2a—d by FTIR, NMR, ESIMS and
elemental analysis are in agreement with the proposed
structures and with the literature data. The NMR spectra of
2a—d display the characteristic signal of the amide proton
around 8.2 ppm and the B¢ spectra show clearly two
chemical shift values near 164 and 180 ppm belonging to
the CONH and the COAr groups, respectively. To obtain
further evidence about the initial geometry, 2D-ROESY
experiments have been performed in D,O for all fluorescent

compounds 2a—d. All Roesy spectra do not display NOE
cross peaks between the H-3 and H-5 protons of
thecyclodextrin part and aromatics protons of the pyridino-
indolizinic moiety, which indicate distinctly that the
ﬂuoroghore arm is located outside the cavity. In a previous
paper,” we described for the first time the reactivity of
cycloimmonium ylides with the electroactive propinamido-
BCD. This new tool for the functionalisation of the primary
face of the B-cyclodextrin has resulted in the synthesis of
2a—d. Here, the new proposed method offers two major
advantages, as it furnish significant higher yields (20-30%
higher) and because it offers the possibility to graft directly
this new fluorescent arm into another molecular scaffolds
with the aim to obtain new fluorescent artificial receptors.

2.2. Fluorescence study

The purpose here is to check if the new fluorescent moiety
appended to the B-cyclodextrin can induce change in
fluorescence emission upon addition of a guest s