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Abstract

This review is a critical overview of the literature on electrochemistry of unsaturated ring-

compounds containing bonds between Group 15 and Group 16 elements (principally S and N),

including metallacycles.  It contains a detailed compilation of measured redox potentials and the

conditions under which these were obtained for over 200 compounds.  An introduction to the

application of solution electrochemistry to this class of compounds is provided, and the relevance

of such measurements to materials design is discussed.
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1. Introduction and Scope

1.1 Introduction

Redox-active heterocycles are important to materials science and to biochemistry.

Considerable advances have been made in the synthesis of heterocycles containing several Group

15 and 16 elements [1-4].  Heterocyclic thiazenes and selenazenes (including mixed S/Se

species) are thought of as hybrids of aromatic or anti-aromatic hydrocarbons and binary sulfur or

selenium nitrides.  Such ring systems have been aggressively studied as possible candidates for

molecular metal design [5].  Replacement of nitrogen by the heavier Group 15 elements has also

been achieved in several cases [6].  Considerably less is known about the electrochemical

properties of this large class of ring compounds, and electrochemistry has only recently been

applied to this study in anything approaching a comprehensive manner.  The purpose of this

review is to provide a critical evaluation of the known electrochemical data, and their
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interpretation, with suggestions and directions for further study.  We hope our efforts will

encourage other workers to make greater use of electrochemistry in their research into a

fascinating field of chemistry.

1.2 Focus: Radical ion conductors and neutral radical conductors

This review will focus on rings rich in Group 15 and/or Group 16 elements.  We will not

discuss the large number of studies treating ring systems important to biological chemistry.

Leading references to this field, which include the elucidation of the mechanism of

photosynthesis and nucleotide redox reactions are provided for the interested reader [7]. We will

only treat the huge class of tetrathiafulvalene (TTF) related compounds in a peripheral fashion.

The importance of electrochemistry in the design of conducting [8], and more recently

superconducting [9], charge transfer compounds [10] has long been recognized.  Similarly,

electrochemistry has always been a standard tool in the investigation of narrow-bandgap

conjugated polymers [11].  Instead, we will focus on less-well studied ring systems, generally

those with bonds between Group 15/16 elements incorporating unsaturation [1].

The primary focus of this review will be rings, which are of interest in the development of

entirely new classes of molecular metals or molecular magnetic materials.  Research in this area

can be broadly classified as that which deals (A) with radical ion conductors and (B) with

neutral radical conductors.  The first class has historically been dominant, and primarily includes

TTF-TCNQ "charge transfer salts" (CT), for which literally thousands of variants both in the

donor (TTF) and acceptor (TCNQ) have been synthesized and examined for conductive

properties.  However, it has now been very well established that the acceptors play no role in the

conductivity of such salts, except as part of the general structure-determining components of the

solid architecture.  Indeed, the replacement of the TCNQ by inert inorganic anions led to the
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discovery of superconducting salts by Bechgaard, and such salts of TTF and TTF-derivatives

such as the well-known ET are now commonly known as Bechgaard salts [12].  The term radical

ion conductor (RIC) has recently been put forward as a general class descriptor for all such

compounds in which a radical cation or radical anion species is created in some sort of solid-state

lattice that allows for the migration of electrical charge through the lattice [13].  The main path of

conduction is along the stack direction of stacked radical ions.

The concept of a neutral radical conductor (NRC) was first put forward by Haddon using

odd-alternant hydrocarbons as a proposed model for a conducting system without the use of

permanently charged radicals for the conduction pathway, thus avoiding the significant

coulombic repulsion that accompanies the attempt to form conducting stacks of radicals [14].

Although much was learned from the odd-alternant hydrocarbons, and research is continuing in

this area [15], the utility of such compounds is dramatically limited by a tendency to form

strongly C-C bonded molecular dimers rather than infinite stacks of solid-state materials.  Indeed

the focus in this area has been to incorporate heteroatoms within and/or fused to, the

hydrocarbons rings, and as such this area of research has tended to merge into the heterocyclic

sphere that is the scope of this review.  Recently conducting molecular solids have been obtained

using spiro-biphenalenyls that use a borate structural core and no additional heterocyclic

substituent [16].

As a part of our own approach, we have treated the electrochemistry of both the ring systems

that are radicals (neutral or charged) of potential interest in conducting systems (those whose

radical form lies closer to the centre of the redox spectrum) as well as the closely-related rings

for which diamagnetic forms dominate at the centre of the redox spectrum, and whose redox

active forms lie well to the anodic and cathodic regimes.  It is recognized that these latter classes
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of compounds are useless for application to conductive systems, but nevertheless important

lessons can be learnt for such ring systems with respect to (A) the width of the redox window and

(B) the tunability of the redox states by ring substituents.  Both these themes will be addressed in

this review.

The greatest interest for applications to conducting systems are those species which have at

least three redox states that are easily attainable and, preferably, reversibly interconvertible.

Indeed Group15/16 heterocycles are one of the most abundant areas where such special

properties are observable (outside this area are primarily transition metals with multiple redox

states (such as Vanadium) or the recently identified redox isomers of the fullerenes.)

1.3 Solution measurements of the disproportionation energy

One of the chief design factors sought in both kinds of molecular metals (i.e. RIC’s and

NRC’s) is weak electron-electron (coulombic) repulsion, since this can be correlated with

minimization of ionic fluctuation during current flow through the solid.  A chemical expression

of weak coulombic repulsion is a low disproportionation energy, i.e. for the reaction:

2 Radical    =    Oxidized diamagnet    +    Reduced diamagnet                        (1)

the unfavorable free energy should be minimized.  An estimate of the size of this process in the

solid state can be obtained from solution electrochemistry.  The electrochemical cell potential,

Ecell for reaction (1) has been obtained for classical charge-transfer type RIC’s, for example the

donor TTF for which Ecell (2 TTF.+ = TTF  +  TTF2+) = 0.3 V [17], and the acceptor TCNQ for

which Ecell (2 TCNQ = TCNQ.–  +  TCNQ2–) = 0.42 V [18].  Where appropriate in this review we

have included the Ecell values obtained for the system-appropriate triad of oxidation states.  The

cell potential will always be expressed as a positive number, i.e. |Eprocess 1 – Eprocess 2|, recognizing
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t h at t his v al u e is pr ef er e nti all y as s m all as p ossi bl e f or c o n d u cti n g s yst e ms.  (I n d oi n g s o, w e ar e

eff e cti v el y usi n g t h e s o- c all e d “ E ur o p e a n ” si g n c o n v e nti o n f or el e ctr o d e pr o c ess es [ 1 9].)

T his E c ell   v al u e is n u m eri c all y i d e nti c al t o t h e el e ctr o c h e mi c al esti m at e of b a n d g a p, w hi c h

h as b e e n us e d e xt e nsi v el y t o c h ar a ct eri z e s m all- b a n d g a p c o nj u g at e d p ol y m ers. I n s u c h p ol y m ers,

t h e esti m ati o n of t h e a ct u al b a n d g a p of t h e p ol y m er ( Eg ) fr o m t h e s ol uti o n o xi d ati o n ( Eo x ) a n d

r e d u cti o n ( Er e d) p ot e nti als h as b e e n f a cilit at e d wit h t h e h el p of t h e e m piri c al e q u ati o n:
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w h er e S is t h e s ol v ati o n e n er g y of t h e i o ni z e d m ol e c ul e mi n us t h e s ol v ati o n e n er g y of t h e n e utr al

m ol e c ul e a n d ε 1  a n d ε 2  ar e t h e di el e ctri c c o nst a nts of t h e s ol uti o n a n d t h e s oli d, r es p e cti v el y [ 1 1].

N ot hi n g a p pr o a c hi n g t his l e v el of s o p histi c ati o n h as b e e n att e m pt e d f or p ot e nti al m ol e c ul ar

m et als, p er h a ps i n p art b e c a us e of t h e i m p ossi bilit y of pr e di cti n g t h e s oli d-st at e p a c ki n g of t h e

m ol e c ul es w hi c h h as a h u g e i m p ort a n c e si n c e wit h o ut a p pr o pri at e p a c ki n g t h e l o n g-r a n g e o v erl a p

n e c ess ar y f or c o n d u cti o n is si m pl y a bs e nt.  N e v ert h el ess, t h e c o n c e pt of m e as uri n g t h e H O M O-

L U M O g a p fr o m el e ctr o c h e mistr y is g e n er all y us ef ul, a n d w e h a v e t h us i n cl u d e d |E c ell | v al u es f or

all ri n gs f or w hi c h at l e ast t w o c o m pl e m e nt ar y r e d o x pr o c ess es h a v e b e e n m e as ur e d.  W hil e t h e

n u m eri c al v al u e of t his m e as ur e m e nt is u n c h a n g e d, w e wis h t o p oi nt o ut t h at t h es e |E c ell | v al u es

o nl y c orr es p o n d t o dis pr o p orti o n ati o n e n er gi es w h e n t h e c o n diti o ns of R e a cti o n ( 1) ar e f ulfill e d.

I n a d diti o n t o t his i m p ort a nt c ell p ot e nti al, cl assi c al c h ar g e-tr a nsf er s alt r es e ar c h h as l o n g h a d

" el e ctr o c h e mi c al r e ci p es " f or v ari o us C T s yst e ms.  T h us, f or e x a m pl e, d o n ors t o w ar ds t h e

a c c e pt or T C N Q n e e d t o h a v e v al u es f or t h e 0/ + 1 pr o c ess b et w e e n + 0. 5 a n d 0. 0 V [ 8]. Si mil ar

crit eri a c a n b e est a blis h e d f or a n y p arti c ul ar a c c e pt or s yst e m.  W hil e t h e i m p ort a n c e of s u c h
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criteria have been diminished since the development of inert anions for RIC’s, the simplicity of

forming and testing charge transfer salts with acceptors like TCNQ continues to appeal to the

molecular metal design community [20].

1.4 Organization of the review

The data has been organized into comprehensive data tables, which are located at the end of

the review.  In order to try and remove the ambiguity that surfaces precisely because redox active

heterocycles can often be prepared in more than one redox state, the data has been organized by

redox process.  Each process is presented as a redox couple, starting with the most negative

oxidation state, and proceeding to the more positive.  The overall charge on the molecular species

is used to identify the oxidation state, and the process may be a one, two, or greater, electron

process.  Thus –1/0 identifies a one-electron process corresponding, under reversible conditions,

to either the reduction of the neutral species, or the oxidation of the mono-anion.  We will avoid

the terms "oxidation" or "reduction" from our discussion as much as possible to avoid confusion,

and instead specify redox couples. The definition is illustrated by the following example:

+
N S

SN
R -

N S

SN
R

-1e-

+1e-+1e-

-1e-
N S

SN
R

This triad of redox states is inter-converted by the redox processes –1/0 and 0/+1.  Effectively

our method boils down to using the so-called “European” sign convention for electrode processes

(see section 1.3).  However, additional complexity is introduced by the specific electrochemical

technique employed to measure the cell potentials.  For reversible couples the potentials will be

the same irrespective of the starting material used, but since not all processes are reversible, the

actual identity of the bulk material in the electrochemical cell is indicated for each measurement.

When measurements have been performed on more than one oxidation state of a given ring
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system this is indicated, but the system is assigned only a single identification number.

Structural diagrams are provided in the data tables and will not as a rule be duplicated in the

body of the text in order to save space.

The first table presents electrochemical data for several relevant benchmark compounds.

These include TTF and TCNQ, the original components of CT salts, some common aromatic

hydrocarbons, and simple heterocycles which are not included in the review precisely because

they undergo electrochemical polymerization reactions.  The remaining tables are primarily

organized by ring size, and secondarily by the location of the Group 15 and 16 elements in the

ring.  The remaining ring atoms are usually carbon, but also include iso-electronic equivalents to

C such as R2P and O2S–.  Metallacycles are grouped together at the end.

1.5 Ring sizes included

The data is organized by ring size, with the exception of Table 2, which deals with all sizes of

binary S,N rings and cages, and the tables of metallacycles and miscellaneous rings, which are at

the end.  Little is known about four membered unsaturated Group 15/16 rings.  The

benzothiazetes once claimed [21] have been shown to be fused five-membered dithiazole ring

systems [22].

The majority of results have been obtained on five membered rings, including many ring

systems fused to benzenoid aromatics, and many non-fused rings such as the dithiadiazole

system, which can bear a wide variety of substituents at carbon.  Less is known about six-

membered rings, which include the thiatriazine and dithiatriazine ring systems.  Very little is

known on seven-membered rings, while the eight-membered dithiatetrazocine ring system has

been studied in two different structural modifications.
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2. Methodology

2.1 Electrochemical techniques, solvent and electrolytes

The earliest studies consulted in the preparation of this review emphasized electrochemical

reduction, and used polarography (P) overwhelmingly [23].  More recent work has tended to use

cyclic voltammetry (CV), and work in both oxidizing and reducing regimes [24].  Except for the

earliest work, in which protic solvents were common, the majority of the data has been recorded

in aprotic non-aqueous solvents, of which acetonitrile (CH3CN) is the most common.  Other

solvents which have been used are dichloromethane (CH2Cl2), 1,2-dichloroethane,

dimethylformamide (DMF), trifluoroacetic acid and sulfur dioxide.

To date no results have been published in the less-polar solvents which have become

accessible in recent years with the introduction of specialized electrolytes or through the use of

microelectrode techniques in the absence of supporting electrolyte [25,26].  Recently, 1,2-

difluorobenzene has been proposed as a useful electrochemical solvent for transition metal

complexes, but none of the data in this review was obtained in this solvent [27].

The importance of solvent effects has recently been emphasized by careful comparative work

in more than one solvent.  Thus for the 1,2,3,5-dithiadiazole ring system it has been

demonstrated that, starting with the neutral radicals in solution, the E½ for the 0/+1 process

differs by ~0.2 V between CH3CN and CH2Cl2, while the –1/0 wave is almost unaffected by the

change in solvent [14,28].  It is obvious that the comparison of data obtained in different solvent

systems should be practiced with caution, and the same probably applies to different electrolyte

systems as well.  Early work in protic solvents was rendered unreliable by redox-induced

degradation reactions involving the solvent medium.  As a rule compounds containing bonds

between the Group 15/16 elements are susceptible to hydrolysis, so protic solvents should be
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a v oi d e d t o s u p pr ess d e c o m p ositi o n r e a cti o ns, a n d c ar ef ull y dri e d s ol v e nts s h o ul d b e us e d at all

ti m es.

2. 2  R ef er e n ci n g

T h e c orr e ct r ef er e n ci n g of el e ctr o c h e mi c al d at a h as al w a ys b e e n tr o u bl es o m e.  T h er e is n o

u ni v ers al c o ns e ns us as t o w hi c h r ef er e n c e s yst e m t o us e, a n d i n t his R e vi e w w e h a v e el e ct e d t o

r e p ort t h e d at a as pr es e nt e d i n t h e ori gi n al r e p orts.  H o w e v er, si g n c o n v e nti o ns h a v e b e e n

c orr e ct e d t o t h e s o- c all e d “ E ur o p e a n ” c o n v e nti o n, i n w hi c h t h e si g n of a n el e ctr o d e pr o c ess is a n

i n v ari a nt q u a ntit y [ 1 9].

B o n d h as ar g u e d c o n vi n ci n gl y t h at i nt er n al r ef er e n ci n g is t o b e pr ef err e d i n all c as es, a n d

e v e n g o es s o f ar as t o q u ot e his d at a a g ai nst t h e F c + ⁄F c c o u pl e as z er o [ 2 9].  I n d e e d a p ositi o n

p a p er h as b e e n a d o pt e d b y t h e C o m missi o n o n El e ctr o c h e mistr y of t h e I U P A C s u g g esti n g t h at

i nt er n al r ef er e n ci n g t o t h e F c+ ⁄F c c o u pl e s h o ul d b e us e d i n all v olt a m m etri c m e as ur e m e nts [ 3 0].

T h e a d v a nt a g es of usi n g a n i nt er n al r ef er e n c e ar e o b vi o us, b ot h fr o m t h e vi e w of a c c ur a c y ( err ors

d u e t o t h e eff e cts of j u n cti o n p ot e nti als a n d diff er e n c es i n s ol v e nt a n d el e ctr ol yt e) a n d

c o n v e ni e n c e ( c o m pl e xit y i n t h e c o nstr u cti o n of c ells t h at h a n dl e hi g hl y s e nsiti v e c h e mi c als

a n d/ or o p er at e u n d er pr ess ur e or v a c u u m.)

W e ar e n ot c o n vi n c e d, h o w e v er, t h at c h a n gi n g t h e z er o o n t h e r ef er e n c e s c al e t o t h e p ot e nti al

of t h e F c + ⁄F c c o u pl e is wis e.  T h e v ast m aj orit y of t h e d at a f or or g a ni c p ol ar o gr a p h y a n d c y cli c

v olt a m m etr y is r e p ort e d a g ai nst t h e s at ur at e d c al o m el el e ctr o d e ( S C E), us u all y i n a h alf- c ell

c o nt ai ni n g t h e s a m e s ol v e nt a n d el e ctr ol yt e s yst e m as t h e w or ki n g h alf- c ell.  D es pit e all

diffi c ulti es c a us e d b y c h a n g es i n s ol v e nt s yst e m, j u n cti o n p ot e nti als a n d t h e li k e, it is still oft e n

d esir a bl e t o c o m p ar e t w o diff er e nt v al u es m e as ur e d i n diff er e nt e x p eri m e nts a n d o bt ai n a first

a p pr o xi m ati o n as t o t h e r el ati v e r e d o x p o w er of a gi v e n r e d o x c o u pl e.  It is f or t his r e as o n t h at w e
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prefer carefully calibrated corrections to the established external SCE scale.  (This corresponds to

the very common practice in NMR of converting chemical shifts from a variety of internal

reference compounds to a single zero point for the scale of a given nucleus.)

In our own work we have elected to use single-compartment three-electrode system with a

pseudo-reference electrode, and using an internal standard for the redox potentials [14,28,31-35].

These standards are calibrated in careful measurements against the SCE, and the potentials are

then converted to the SCE scale.  The most commonly used internal redox reference is the

ferrocene/ferrocenium couple (Fc/Fc+), which with 0.1 M NnBu4PF6 (TBAFP) appears at +0.38 V

vs. SCE in CH3CN solution, and +0.48 V in CH2Cl2 [28] [36].  Other workers have determined

this couple in CH3CN solution as +0.31 V by polarography at the dropping mercury electrode or

+0.307 V by chronopotentiometry at a mercury pool electrode using LiClO4 as the electrolyte

[37] or +0.40 V at a Pt electrode also using TBAFP [38].  Such variability is precisely the reason

that internal referencing should be used.  A given cell-electrode-electrolyte-solvent combination

should be carefully referenced against an external SCE to calibrate the scale as accurately as

possible, taking pains to minimize the junction potential between the aqueous and non-aqueous

solvents; however precision of greater than ±0.1 V cannot be expected in general due to the many

variables involved.

The accuracy of our approach has been substantiated by the nearly identical potential values

for a series of 1,2,3,5-dithiadiazole rings obtained by this method compared to measurements

made on the same compounds in a two-electrode cell using a pressure-equalized Ag/Ag+

reference electrode, which was itself calibrated externally to an SCE electrode [39].  Other

internal redox standards that can be used (e.g. if the ferrocene couple blocks the region of

interest, or the solvent used is not stable at ~ +0.5 V) in acetonitrile or methylene chloride
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solution in conjunction with TBAFP are [NnBu4]2[IrCl6] (two reversible couples in CH2Cl2 at –

0.02 V and +1.74 V vs. SCE) and AgPF6 (in CH2Cl2 +0.38 V vs. SCE) [36].

There is no doubt that the SCE scale has been the dominant one in use by the molecular metal

and small band-gap polymer community.  Kaplan, et al. indicated that redox potential

measurements on this scale for classical CT components have proven to be extremely repeatable

where the same compounds were deliberately re-determined in several laboratories over a wide

time and geographic spread [18].

2.3 Specialized electrochemical cells

The study of redox active heterocycles requires, from time to time, the handling of high

concentrations of free radicals in solution.  In addition, many Group15/16 linkages are highly

susceptible to hydrolysis by adventitious moisture.  Also, some binary Group 15/16 compounds

are freely soluble only in exotic solvents such as sulfur dioxide.  Thus progress in

electrochemistry on these compounds has depended on the development of specialized

electrochemical cells.  Two examples of specialty cells that have been used to advantage are

described here.

A cell developed for handling very air-sensitive inorganic materials has been described [40].

A diagram of this innovative cell is reproduced in Figure 1a.  This design uses break-seal

technology to produce an all-glass cell (except for a single Teflon rotary stopper).  During cell

operation, the electrolyte and solvent are first introduced into the working compartment to obtain

background scans and measure the actual available solvent window.  The analyte is then

introduced by washing the contents of the first break-seal into the working cell, and later the

internal reference can also be added in the same way.  It is even possible to add the analyte and/or

reference in portions to prevent one or the other from swamping the signals.  The internal cold-
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finger allows the experiment to be cooled below ambient temperature.  This cell can also operate

under mild pressure, e.g. using sulfur dioxide as the solvent.

Insert Figure 1 here

A second design, but one using an ingenious, though complex, Ag/Ag+ reference electrode,

was initially developed for sulfur dioxide solvent work at ambient temperature [39].  It has since

been used in numerous studies using the more conventional solvent CH3CN, in which the ability

to load the cell in the glove box was advantageous for the handling of very air-sensitive

compounds [41,42].  A diagram of this cell is reproduced in Figure 1b.  Although this cell is

compact and robust, it does not allow for solvent/electrolyte background measurements before

analyte is added, nor for separate introduction of analyte and internal reference, and it has

apparently always been used with a separate reference electrode compartment.  The latter has

been improved upon since the original report [42].

3. Benchmark studies

We briefly review the electrochemistry of some compounds that will help to set the context

for our discussion on Group 15/16 heterocycles.  First we consider come examples of aromatic

hydrocarbons and heterocycles (see Table 1), and then what little is known about the

electrochemistry of the binary thiazyl and selenazyl compounds (Table 2).

3.1 Aromatic ring compounds

It is well known that polycyclic aromatic compounds can be chemically or electrochemically

reduced, often forming stable radical anions.  Under some circumstances, they can also be

reversibly oxidized.  Benzene itself has a very large redox stability window (comparable to the

Ecell values of redox-active compounds), that stretches from approximately –3 to +3 volts.  It is

thus decidedly redox-inactive.  However, as the number of conjugated rings are increased, an
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ever-smaller separation between the reduction and oxidation potentials is observed, and this has

been correlated to both the raising of the HOMO and lowering of the LUMO.  Thus the redox

stability window of naphthalene (2) is 4.04 V in acetonitrile [43], while that of anthracene (3) is

only 2.87 V in the similar solvent DMF [44].  In particular the redox properties of anthracene

mimic those of several heterocycles to be considered later.  Compared to these carbacycles,

heterocycles such as 5 - 7 have decidedly smaller redox stability windows, and indeed these are

redox-active ring compounds (see below).

3.2 Classical charge transfer compounds

There continues to be intense efforts in CT salt development, almost all based on derivatives

of tetrathiafulvalene (TTF, 3) as the donor, either with acceptors derived from

tetracyanoquinodimethane (TQNQ, 4), or with redox-inert inorganic anions.  The 0/+1 redox

process for 3 is facile at +0.33 V, and the radical cation is a stable species that has been

intensively studied.  The second redox couple, +1/+2 occurs at +0.70, so that Ecell for 3 is 0.37 V,

a small value, and one that is indicative of the types of Ecell required for molecular conductors.

Similarly the acceptor has two facile reductions, the –1/0 couple at +0.18 V and the –2/–1 at –

0.37 V, resulting in Ecell = 0.55 V.  As previously mentioned, it has been found that in order for a

donor to react spontaneously with TCNQ, it needs to have its 0/+1 redox couple within the

narrow range of +0.5 to 0.0 V vs. SCE [8].

Several of the acceptors currently under development incorporate Group 15/16 heterocycles,

and these will be considered in section 4.  We are not able to include the numerous studies

dealing with TTF derivatives within the scope of this review, and the reader is asked to consult

the following leading references to this field [45-47].  Much of the most recent work seeks to
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i n c or p or at e T T F-li k e fr a g m e nts i nt o m a cr o m ol e c ul ar ass e m bli es.  T h e g o al of t his w or k is t h e

d e v el o p m e nt of m ol e c ul ar el e ctr o ni c d e vi c es.

3. 3 S m all b a n d g a p p ol y m ers fr o m el e ctr o p ol y m eri z ati o n

W h e n ar o m ati c, or ps e u d o- ar o m ati c, h et er o c y cl es s u c h as p yrr ol e ( 5 ), i n d ol e (6 ), t hi o p h e n e

(7 ) or t hi a n a p ht h e n e (9 ) ar e el e ctr o c h e mi c all y o xi di z e d, t h e y p ol y m eri z e a n d oft e n d e p osit a

p ol y m eri c fil m ri g ht o n t h e el e ctr o d e s urf a c e. S u c h r e a cti o ns h a v e b e e n d u b b e d E( C E) n  r e a cti o ns

[ 4 8].  T h e fil ms ar e f o u n d t o b e el e ctri c all y c o n d u cti n g, a n d b el o n g t o t h e cl ass of s m all- b a n d g a p

π - c o nj u g at e d p ol y m ers.  S o m e of t h e e arli est r e c o g ni z e d π - c o nj u g at e d p ol y m ers w er e

p ol y a c et yl e n e [ 4 9, 5 0] , –( C H)x =, a n d p ol yt hi a z yl ( p ol ys ulf ur nitri d e), –( S N) x =  [ 5 1], cl e arl y

s h o wi n g t h e h erit a g e of r e d o x a cti v e Gr o u p 1 5/ 1 6 h et er o c y cl es w hi c h h a v e l o n g b e e n s o u g ht as

t h e " missi n g li n k " b et w e e n t h e " or g a ni c " a n d t h e "i n or g a ni c " br a n c h es of m ol e c ul ar m at eri al

d esi g n [ 5 2].

All of t h es e c o m p o u n ds ar e irr e v ersi bl y o xi di z e d b e c a us e t h e y f or m p ol y m ers, a n d it is

p ossi bl e t o f oll o w t his pr o c ess b y C V u ntil, as t h e fil m g ets s uffi ci e ntl y t hi c k, a li miti n g

v olt a m m o gr a m c orr es p o n di n g t o t h e p ol y m er is a c hi e v e d.  It is e q u all y p ossi bl e t o pr e p ar e a n d

t h e n p ol y m eri z e oli g o m ers s u c h as t h e di m eri c 2, 2'- bit hi o p h e n e (8 ) a n d t h e p e nt a m eri c a n al o g u e

(1 0 ) [ 4 8].  I n t his m a n n er, v ari o us p e n d a nt si d e- gr o u ps, i n cl u di n g ot h er h et er o c yl es, c a n b e

i n c or p or at e d i nt o t h e p ol y m eri c str u ct ur e.  N oti c e als o t h at 1 0  is s uffi ci e ntl y l ar g e t o b e a bl e t o

d e m o nstr at e r e v ersi bl e 0/ + 1 a n d e v e n a s e c o n d + 1/ + 2 r e d o x c o u pl e.  A n oli g o m eri c s yst e m

si mil ar t o 1 0  h as r e c e ntl y b e e n st u di e d, wit h i n di c ati o ns t h at c o n d u cti o n al o n g t h e π -st a c k is a n

i m p ort a nt p art of t h e c o n d u cti vit y of t his s yst e m, a n d t h us p ossi bl y als o i n t h e o xi d ati v el y d o p e d

p ol y m ers [ 5 3].   T h e e xt e nsi v e w or k i n t his fi el d h as b e e n c o m pr e h e nsi v el y r e vi e w e d [ 1 1], a n d
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will n ot b e f urt h er dis c uss e d h er e.  It s uffi c es t o s a y t h at s m all h et er o c y cl es wit h l o w Gr o u p

1 5/ 1 6 i n cl usi o n f or m oli g o m ers a n d p ol y m ers w h e n o xi di z e d at mil d p ot e nti als [ 4 8].

3. 4  Bi n ar y S, N C o m p o u n ds

M u c h of t h e dri vi n g f or c e b e hi n d t h e d e v el o p m e nt of bi n ar y S, N c h e mistr y w as pr o vi d e d b y

t h e u ni q u e c o n d u cti n g a n d s u p er- c o n d u cti n g pr o p erti es of p ol y m eri c t hi a z yl, ( S N)x  [ 5 1].  T o t his

d a y ( S N) x  st a n ds al o n e as a c o n d u cti n g p ol y m er t h at d o es n ot c o nt ai n a n y c ar b o n, a n d u ni q u e as a

n o n- m et alli c s u p er- c o n d u cti n g p ol y m er.  S m all ri n g s yst e ms c o nt ai ni n g o nl y S a n d N w er e

st u di e d el e ctr o c h e mi c all y s e v er al y e ars a g o [ 3 9, 5 4, 5 5].  T h e r es ults ar e s u m m ari z e d i n T a bl e 2.

A m otif of t h e r e d o x c h e mistr y of t his s yst e m is irr e v ersi bilit y, pri m aril y b e c a us e r e d o x c h a n g es

i n v ari a bl y i n d u c e m ol e c ul ar r e- arr a n g e m e nts i n t h es e s yst e ms.  T h e k e y r es ult t o n ot e is t h at

d es pit e t h e f a ct t h at bi n ar y S, N c o m p o u n ds ar e f or m all y el e ctr o n ri c h, t h e y ar e als o g o o d el e ctr o n

a c c e pt ors, a n d ar e t h us c o m p ar ati v el y e asil y r e d u c e d.  C o ns e q u e ntl y, t h er e is a l ar g e cl ass of

a ni o ns of bi n ar y s ulf ur nitri d es, w h os e c h e mistr y h as r e c ei v e d c o nsi d er a bl y st u d y [ 5 6].

T h e si m pl est bi n ar y s ulf ur- nitri d e is t h e f o ur- m e m b er e d ri n g c o m p o u n d S 2 N 2  (1 1 ) [ 5 7].  T h e

0/ + 1 c o u pl e m e as ur e d b y c y cli c v olt a m m etr y ( C V) o c c urs at + 0. 1 V i n M e C N, a n d t h e – 1/ 0

c o u pl e at – 0. 8 5 V.  T h e c a g e c o m p o u n d S 4 N 4  (1 2 ) h as b e e n st u di e d b ot h b y C V a n d

p ol ar o gr a p h y ( P) [ 5 4, 5 8].  C V at Pt el e ctr o d es s h o ws a q u asi-r e v ersi bl e – 1/ 0 c o u pl e at – 0. 4 3 V i n

M e C N s ol uti o n at l o w t e m p er at ur e; a c o nsi d er a bl y m or e n e g ati v e p ot e nti al w as r e p ort e d b y

p ol ar o gr a p h y at t h e dr o p pi n g m er c ur y el e ctr o d e ( D M E).  I n-sit u el e ctr o n p ar a m a g n eti c r es o n a n c e

( E P R) st u di es i n di c at e t h at t h e pr o d u ct of t h e – 1/ 0 c o u pl e is t h e S 4 N 4
• –  r a di c al a ni o n ( 9-li n e wit h

a N  = 0. 1 2 m T) [ 5 8].   At a m bi e nt t e m p er at ur es t h e r a di c al i o n d e gr a d es r a pi dl y t o S3 N 3
– .

P ol ar o gr a p hi c st u di es h a v e i d e ntifi e d t w o s u bs e q u e nt r e d u cti o n st e ps ( a) S 4 N 4
.–   +  e –     S4 N 4

2 –
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and (b) S3N3
–  +  2e–    S3N3

3– [54].  Exhaustive electrolysis at –2.8 V results in the transfer of

eight electrons and the formation of SN2
2–.

The two-electron –1/–3 couple in Me4N+ salts of S3N3
– (13) was found to occur at –2.5 V by

polarography in separate experiments [54] (this value is given as –2.6 V for an unspecified salt in

ref. [59]).  The oxidation of bistriphenylphosphineiminium (PPN+) salts of S3N3
– in CH2Cl2 (–1/0

couple) was found to be reversible at RT by CV [55].  BF4
– and FeCl4

– salts of the heart-shaped

S5N5
+ cation (14) have been studied by different workers using CV [39,60].  The 0/+1 couple

was reported to occur at +0.19 V {quasi-reversible (QR) at low temperature}or +0.06 V in

CH3CN and +0.46 at all temperatures in CH2Cl2, each measurement being performed on a

different salt of the cation.  A similar ~0.2 V solvent dependence with methylene chloride being

more cathodic has been observed for 0/+1 couples in the 1,2,3,5-dithiadiazole system (see

below).

The cage compound S4N5
– (15) undergoes the –1/0 process at –0.12 V, while a further two-

electron reduction was reported at –2.1 V (–3/–1 couple), as determined by polarography [54].

CV studies, on the other hand, identified a –2/–1 couple with the production of S4N5
.–  whose

identity was confirmed by EPR (triplet of 9 line patterns with aN = 0.175 and 0.05 mT) in which

the spin density is primarily delocalized over the four equivalent nitrogen atoms [61].  Oxidation

of the initial salt produced S5N6.

A variety of oxygen-substituted S,N rings and cages (17 - 19) have also been studied by

polarography [62].  For each class of compound, the reduction (usually a –3/–1 couple involving

two-electron transfer) was found at considerably more anodic peak potentials than those of the

corresponding binary compound (e.g. S3N3O– vs. S3N3
–).  This has been explained by a lowering
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of the LUMO energy when the electronegative oxygen atom is attached to a sulfur-nitrogen ring

or cage [62].

The predominant theme in the electrochemistry of the binary S,N compounds, however, is the

instability of the species formed upon electrochemical oxidation or reduction.  Only quasi-

reversible behaviour is observed by cyclic voltammetry and polarography, and then usually only

at reduced temperatures.  Binary sulfur nitrides are highly susceptible to structural changes when

their electron count is altered; electrochemistry merely confirms facts already known from

chemical redox reactions [1,63].  By far the most important of such redox-induced changes is the

preparation of the conductive polymer poly(thiazyl),  (SN)x and its oxidatively doped derivatives.

Electrosynthetic routes to polymeric thiazyl in doped and undoped forms have been reported

[39].

4. Five-membered ring systems

As mentioned under 3.3 above, most simple five-membered heterocycles undergo oxidative

polymerization. The tendency to polymerize, or even to dimerize, upon oxidation or reduction is

a common theme in carbocyclic redox chemistry.  The effect tends to be minimized by higher

Group 15/16 content, where polymers are as yet unknown.  However as will be seen, simple

dimerization is often observed.  The data for this section is found in Table 3 (thiadiazoles and

selenadiazoles), Table 4 (dithioles), Table 5 (1,2,3-dithiazoles and selenium containing

analogues), Table 6 (1,3,2-dithiazoles and selenium containing analogues), Table 7 (1,2,3,5-

dithiadiazoles) and Table 8 (1,3,2,4-dithiadiazoles).  Five-membered heterocycles have been by

far the most studied ring size, and these tables contain both compounds that are diamagnetic in

the neutral state (thiadiazoles) and those that are paramagnetic in the neutral state (the rest of
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t h e m). T h e dit hi a z ol es h a v e b e e n r e vi e w e d r e c e ntl y, i n cl u di n g s o m e of t h e el e ctr o c h e mi c al d at a

[ 4], as h a v e t h e dit hi a di a z ol es [ 6 4].

4. 1  T hi a di a z ol es a n d s el e n a di a z ol es

T h e d at a ar e i n T a bl e 3.  T h e v ast m aj orit y of t his el e ctr o c h e mi c al d at a h a v e b e e n o bt ai n e d o n

2, 1, 3-t hi a di a z ol es f us e d t o ar o m ati c ri n gs, i. e. t h os e s yst e ms b e ari n g a n – N = S = N – li n k a g e.  T his

is t h e w ell- k n o w n s ulf ur dii mi d e gr o u p, w hi c h is als o k n o w n as a li n e ar c h ai n c o m p o u n d o utsi d e

of a h et er o c y cl e.  It is a v er y st a bl e gr o u p, a n d its r e d o x c h e mistr y [ 6 5] a n d r e a cti vit y [ 6 6] h a v e

b e e n st u di e d f or t h e a c y cli c c as e.  F ar l ess is k n o w a b o ut t h e el e ctr o c h e mi c al b e h a vi o ur of t h e

1, 2, 3- is o m ers w hi c h h a v e a n – S – N = N – li n k a g e.  A gr e at d e al of i nt er est i n t his s yst e m st e ms

fr o m its s u p er b el e ctr o n a c c e pt or c h ar a ct er, a n d it is a p o w erf ul s u bstit u e nt us e d f or t h e

m o difi c ati o n of ar o m ati c el e ctr o ni c str u ct ur e i n s e v er al br a n c h es of m at eri als d esi g n [ 2 0, 6 7- 7 0].

N

S

N

N

N

S

2, 1, 3-t hi a di a z ol e 1, 2, 3-t hi a di a z ol e

RR
N

S
N

s ulf ur- dii mi d e

T hi a di a z ol es ar e 2 N + 2 ri n g s yst e ms i n t h e n e utr al f or m (t h e – N = S = N – u nit c o ntri b ut es f o ur

π - el e ctr o ns.  T h us t h e y ar e n ot c a p a bl e of b ei n g us e d i n t h e d esi g n of n e utr al r a di c al c o n d u ct ors

( N R C's).  T h e r e d o x pr o c ess es e x a mi n e d b y el e ctr o c h e mistr y c orr es p o n d t o t h e f oll o wi n g:

+ 1 e -

- 1 e-

+ 1 e -

- 1 e-

R

R

N
S

N

R

R

N
S

N

+ -
R

R

N
S

N

π - H O M O: π - L U M O:
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T h e r e d o x c o u pl e c orr es p o n di n g t o t h e 0/ + 1 pr o c ess i n v ol v es r e m o v al/ a d diti o n of el e ctr o ns fr o m

t h e π - H O M O of t h e n e utr al t hi a di a z ol e, w hil e t h e – 1/ 0 pr o c ess i n v ol v es a d diti o n/r e m o v al of

el e ctr o ns fr o m t h e π - L U M O.

Si m pl e t hi a di a z ol es ar e als o e xtr e m el y st a bl e t o w ar ds b ot h o xi d ati o n a n d r e d u cti o n, as ar e

all si m pl e ar o m ati c ri n g s yst e ms. T his is e asil y s e e n fr o m t h e l ar g e el e ctr o c h e mi c al st a bilit y

wi n d o w of 2 0 , f or w hi c h t h e 0/ + 1 pr o c ess o c c urs at + 2. 2 V a n d t h e – 1/ 0 at – 1. 5 1 V ( a 3. 7 V

wi n d o w; c o m p ar e ~ 6 V i n b e n z e n e, 4. 0 4 V i n n a p ht h al e n e ( 1 ) a n d 2. 7 3 V i n a nt hr a c e n e (2 )).

H o w e v er, t h e t hi a di a z ol e gr o u p h as b e e n a us ef ul s u bstit u e nt i n t h e c o nstr u cti o n of b ot h d o n ors

a n d  a c c e pt ors f or r a di c al i o n c o n d u ct ors ( RI C), as dis c uss e d b el o w.

B ot h t hi a di a z ol e a n d s el e n a di a z ol es h a v e b e e n m e as ur e d b y el e ctr o c h e mistr y; t o d at e t h er e

s e e ms t o b e n o el e ctr o c h e mi c al d at a o n t ell ur a di a z ol es, p er h a ps b e c a us e of t h eir l o w s ol u bilit y

[ 7 1].  B y c o m p aris o n of a n al o g o us S a n d S e c o m p o u n ds i n T a bl e 3, e. g. 3 3  a n d 3 4 , 3 8  a n d 3 9 ,

et c. t h e – 1/ 0 pr o c ess is o n a v er a g e + 0. 0 8 V m or e a n o di c.  A si mil ar i nfl u e n c e w as o bs er v e d i n a

c ar ef ul c o m p ar ati v e st u d y of r el at e d dit hi a- a n d dis el e n a di a z ol es, f or w hi c h t h e s a m e pr o c ess w as

o bs er v e d t o b e ~ 0. 2 V m or e a n o di c f or S e vs. S [ 1 4].  T his w or ks o ut t o ~ 0. 1 p er c h al c o g e n, s o is

i n f a ct v er y c o m p ar a bl e.

T h e o bs er v e d p ot e nti als f or a gi v e n pr o c ess f or t h e f us e d-ri n g t hi a di a z ol es i n cl u d e d i n T a bl e

3 ar e f o u n d t o b e e xtr e m el y d e p e n d e nt o n str u ct ur e b e c a us e of diff er e n c es i n t h e a m o u nt of

ar o m ati c st a bili z ati o n.  T h us t h e – 1/ 0 pr o c ess f or 2 3  is a b o ut 0. 5 V m or e c at h o di c t h a n i n t h e

is o m eri c 2 4 .  T his c a n b e r ati o n ali z e d usi n g t h e e xtr e m e r es o n a n c e f or ms f or 2 3  a n d 2 4  s h o w n

b el o w.  S u c h diff er e n c es ar e w ell k n o w n i n h et er o c y cli c ar o m ati c c h e mistr y, as s e e n f or e x a m pl e

i n t h e h u g e diff er e n c e i n st a bilit y of n a p ht h o[ 1, 2- c]f ur a n a a n d n a p ht h o[ 2, 3- c]f ur a n b  [ 7 2], als o

s h o w n b el o w f or c o m p aris o n.
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N

S
N

O

2 3 2 4 O

N

SN

a b

Y a m as hit a, et. al., h a v e s h o w n t h at t hi a di a z ol e s u bstit u e nts ar e e xtr e m el y eff e cti v e i n t h e

c o nstr u cti o n of str o n g a c c e pt or m ol e c ul es f or c h ar g e-tr a nsf er s alt a p pli c ati o ns [ 2 0, 6 7- 6 9].  T h us

c o m p o u n ds 2 7 , 2 8 , 2 9 , 3 0  a n d 3 6  ar e m o difi e d a n al o g u es t o T C N Q, a n d ar e m or e p o w erf ul

a c c e pt ors t h a n t h e p ar e nt.  T h e s el e n a di a z ol e 2 8  h as t h e m ost a n o di c E½  at + 0. 0 4 V vs. S C E i n

a c et o nitril e s ol uti o n of t his s eri es of c o m p o u n ds.  T h e s ol uti o n dis pr o p orti o n ati o n e n er g y of t his

s eri es (i. e. f or t h eir r a di c al a ni o ns) is e xtr e m el y s m all, r a n gi n g fr o m – 0. 1 7 t o – 0. 5 6 V.

T h e eff e ct of el e ctr o n d el o c ali z ati o n r ef err e d t o a b o v e f or 2 3  is e m p h asi z e d i n t h e

dis u bstit ut e d t hi a di a z ol e 3 5 , w hi c h h as t h e m ost a n o di c – 1/ 0 c o u pl e at + 0. 1 0 V, d es pit e t h e f a ct

t h at it h as n o di c y a n o m et h a n e gr o u ps at all.  I nst e a d it h as c o m pl et e q ui n oi d al el e ctr o n

d el o c ali z ati o n wit hi n t h e t hr e e f us e d ri n gs t h at m a k e u p t his str u ct ur e.  A dr a w b a c k t o t h e us e of

t his s m all er m ol e c ul e as a n a c c e pt or i n a ct u al c h ar g e tr a nsf er s alts is t h e r at h er hi g h Ec ell  v al u e of

– 0. 9 2 V.  It s h o ul d b e n ot e d, h o w e v er, t h at si n c e t h e r e c o g niti o n t h at t h e c o n d u cti vit y i n m ost

c h ar g e tr a nsf er s alts is e x cl usi v el y t hr o u g h t h e d o n or r a di c al c ati o n st a c ks, t h e r el e v a n c e of a

s m all dis pr o p orti o n ati o n e n er g y f or t h e a c c e pt or  is l ess o b vi o us [ 1 2].

At t h e s a m e ti m e, t h e a nti ar o m ati c 1 2 π  di m et h yl p yr a zi n e- b as e d t hi a di a z ol e 3 1  a cts as a

p o w erf ul el e ctr o n d o n or, wit h t h e 0/ + 1 pr o c ess o c c urri n g at + 0. 1 5 V vs. S C E.  It f or ms

c o n d u cti n g c h ar g e tr a nsf er s alts wit h t h e a c c e pt ors 2 7, 2 8 a n d  2 9, i n w hi c h b ot h  r a di c al c ati o n

a n d a ni o n b e ar t hi a- or s el e n a di a z ol e s u bstit u e nts.
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4. 2 1, 2- Dit hi ol es

1, 2- Dit hi ol es, b y virt u e of i n c or p or ati o n of t w o Gr o u p 1 6 el e m e nts i nt o t h e ri n g, h a v e a n o d d

el e ctr o n c o u nt i n t h e n e utr al f or m.  N ot s ur prisi n gl y, t h e y ar e n or m all y pr e p ar e d as s alts of t h e

di a m a g n eti c c ati o ns, as c a n b e s e e n fr o m t h e list of c o m p o u n ds i n cl u d e d i n T a bl e 4.  T h e

e x c e pti o n is t h e f us e d-ri n g e x a m pl e 5 1 .  T h e y c a n t h er ef or e e xist i n a tri a d of o xi d ati o n st at es,

i nt er c o n v ert e d as s h o w n i n t h e f oll o wi n g gr a p hi c:

+ 1 e -

- 1 e-
+ 1 e -

- 1 e-
+ -

S

S

R

R

S

S

R

R

S

S

R

R

.

P ossi bl e σ - S O M O P ossi bl e π - S O M O

F or t his o d d- el e ctr o n s p e ci es, o xi d ati o n i n v ol v es t h e r e m o v al of el e ctr o ns fr o m t h e S O M O, w hil e

r e d u cti o n a d ds a n a d diti o n al el e ctr o n t o t his s a m e or bit al.  F or t his ri n g s yst e m, t w o or bit als ar e

v er y cl os e i n e n er g y, o n e a str o n gl y S – S a nti b o n di n g σ  or bit al, t h e ot h er a w e a kl y a nti b o n di n g π -

or bit al, as s h o w n a b o v e.  At t h e A M 1 l e v el, t h e b al a n c e i n e n er g y sli g htl y f a v o urs t h e i n di c at e d

σ - or bit al as t h e tr u e S O M O.  F or o ur p ur p os es, t his o nl y m e a ns t h at t h e p ossi bilit y  e xists t h at t h e

– 1/ 0 pr o c ess m a y i n v ol v e S – S s cissi o n.

W e c o nsi d er first t h e 3, 5- dis u bsit ut e d- 1, 2- dit hi ol es ( 4 1  t o 5 0 ), w hi c h ar e t h e s u bj e ct of a

c ar ef ul c o m p ar ati v e el e ctr o c h e mi c al st u d y u n d er i d e nti c al e x p eri m e nt al c o n diti o ns, a n d f or

w hi c h C V h as b e e n u n d ert a k e n i n b ot h m et h yl e n e c hl ori d e a n d a c et o nitril e s ol uti o n [ 7 3].  It is

f o u n d t h at ri n gs of t his t y p e t e n d t o di m eri z e i n t h e n e utr al r a di c al f or m t hr o u g h t h e 3, 5 C at o ms

[ 7 3].  S u c h di m eri z ati o n is s u p pr ess e d w h e n t h e R gr o u p h as si g nifi c a nt st eri c b ul k.  T h us 4 6  a n d
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5 0 , w hi c h h a v e at l e ast o n e R = M e, d e m o nstr at e irr e v ersi bl e 0/ + 1 c o u pl es attri b ut e d t o r a pi d

di m eri z ati o n at t h e C t o w hi c h t h e M e gr o u p is att a c h e d.  Wit h b ul ki er ar yl gr o u ps t h e 0/ + 1

c o u pl e is r e v ersi bl e at R T, b ut f or e x a m pl e i n 4 1  t his pr o c ess b e c o m es c o m pl et el y irr e v ersi bl e at

l o w t e m p er at ur e ( – 6 0° C), d e m o nstr ati n g a t e m p er at ur e d e p e n d e n c e o n t h e di m eri z ati o n of t h e

n e utr al fr e e r a di c al.  I n a c et o nitril e o nl y t h e di ar yl-s u bstit ut e d c o m p o u n ds ( 4 1  - 4 5 ) u n d er g o t w o

f urt h er r e d u cti v e pr o c ess es, i d e ntifi e d as t h e – 1/ 0 a n d t h e – 2/ – 1 r e d o x c o u pl es.  A t y pi c al C V f or

t his s yst e m is s h o w n i n Fi g. 2.  T h e ori gi n al fi g ur e i n r ef er e n c e [ 7 3] dis pl a ys a n err o n e o us s c al e;

t his h as b e e n c orr e ct e d i n o ur Fi g. 2.

I ns ert Fi g. 2 h er e

I n t h es e c o m p o u n ds, t h e c e ntr al – 1/ 0 r e d o x c o u pl e is a v er y cl e ar e x a m pl e of t h e c o n diti o n of

el e ctr o c h e mi c al irr e v ersi bilit y  wit h c h e mi c al r e v ersi bilit y  ( EI- C R).  T h e e x pl a n ati o n p ut f or w ar d

is t h at t h e m o n o- a ni o n f or m e d i n 4 1  at – 1. 0 7 V r a pi dl y cl e a v es its S – S b o n d t o f or m a s ulfi d o-

t hi o k et o n e.  T his s p e ci es c a n t h e n b e f urt h er r e d u c e d b y t h e – 2/ – 1 pr o c ess at – 1. 7 V t o a dis ulfi d o

s p e ci es (t h e di- a ni o n).  T h e r e- o xi d ati o n of t h e m o n o- a ni o n o nl y o c c urs at t h e m u c h m or e a n o di c

p ot e nti al of – 0. 3 5 V.  T h e c o n diti o n f or EI- C R is o nl y m et w h e n t h e c h e mi c al c h a n g e (i n t his

c as e S – S b o n d cl e a v a g e) o c c urs m u c h m or e r a pi dl y t h a n t h e c y cli n g r at e of t h e v olt a m m etri c

e x p eri m e nt.  W e n ot e t h at t his cl e a v a g e is f ull y c o nsist e nt wit h o c c u p ati o n of t h e str o n gl y S – S

a nti- b o n di n g σ -r e d o x M O s h o w n a b o v e.  It is i nt er esti n g t o n ot e t h at f or t h e 1, 2, 3, 5- dit hi a di a z ol e

ri n g s yst e m, A M 1 c al c ul ati o ns i n di c at e t h at t h e r e d o x M O str o n gl y r es e m bl es t h e alt er n at e π -

S O M O s h o w n i n t h e s c h e m e a b o v e; c o nsist e ntl y t h er e is n o e vi d e n c e f or S – S b o n d cl e a v a g e

att e n di n g t h e – 1/ 0 r e d o x c o u pl e f or t his ri n g s yst e m (s e e b el o w).

R e c e ntl y a f us e d-ri n g b e n z o dit hi oli u m h et er o c y cl e, b e ari n g a n e xtr e m el y b ul k y 2, 4, 6-

triis o pr o p yl p h e n yl s u bstit u e nt, h as b e e n is ol at e d as t h e B F4
–  s alt of its c ati o n a n d  h as b e e n
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is ol at e d i n t h e n e utr al r a di c al f or m as a gr e e n s oli d.  T h e E P R s p e ctr u m o bt ai n e d fr o m s ol uti o ns

of t his s oli d fit a n u n ass o ci at e d b e n z o dit hi oli u m r a di c al, b ut t h e m at eri al h as n ot b e e n

c h ar a ct eri z e d i n t h e s oli d st at e.  A si n gl e r e d o x pr o c ess h as b e e n m e as ur e d i n t his s yst e m w h os e

p ot e nti al m at c h es cl os el y t h at of t h e 0/ + 1 pr o c ess of 4 9   [ 7 4].

I n c o ntr ast t o t h e is ol at e d 1, 2- dit hi ol e ri n gs, t h e f us e d-ri n g e x a m pl es 5 1  a n d 5 2  h a v e

r e v ersi bl e – 1/ 0 c o u pl es.  T his h as b e e n attri b ut e d t o t h e c h e mi c al ri gi dit y i m p os e d o n t h es e ri n gs

b y t h e n a p ht h al e n e a n d p h e n al e n yl c ar b o c y cl es: e v e n if S – S cl e a v a g e w er e t o o c c ur i n t his

s yst e m, t h e at o ms w o ul d b e h el d i n cl os e pr o xi mit y s o t h at t h e t h er m o d y n a mi cs of r e- o xi d ati o n

w o ul d b e u n aff e ct e d b y t his c h a n g e [ 7 5].

4. 3 1, 2, 3- Dit hi a z ol es a n d 1, 2, 3- dis el e n a z ol es

T h e 1, 2, 3- dit hi a z ol e a n d a n al o g o us dis el e n a z ol e is a n ol d ri n g s yst e m t h at h as r e c e ntl y b e e n

vi g or o usl y r e-i n v esti g at e d (s e e t h e r ef er e n c es i n T a bl e 5).  U nli k e t h e t hi a di a z ol e a n d

s el e n a di a z ol e s yst e m, t h e i n c or p or ati o n of t w o Gr o u p 1 6 el e m e nts i n a fi v e m e m b er e d ri n g l e a ds

t o a n o d d- el e ctr o n c o u nt i n t h e n e utr al f or m.  T h us dit hi a z ol es ar e c a n di d at es f or t h e c o nstr u cti o n

of N R C's, if t h e y c a n b e st a bili z e d i n a tri a d of o xi d ati o n st at es, c ati o n, n e utr al a n d r a di c al, as

s h o w n b el o w:
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- 1 e-
+ 1 e -
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A g ai n, si n c e t his is a n o d d- el e ctr o n s p e ci es, o xi d ati o n i n v ol v es t h e r e m o v al of el e ctr o ns fr o m t h e

S O M O, w hil e r e d u cti o n a d ds a n a d diti o n al el e ctr o n t o t his s a m e or bit al.  F or t his ri n g s yst e m, as
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f or t h e 1, 2- dit hi ol es (s e cti o n 4. 2), t h er e ar e t w o or bit als t h at ar e v er y cl os e i n e n er g y, o n e a

str o n gl y S – S a nti b o n di n g σ  or bit al, t h e ot h er a w e a kl y a nti b o n di n g π - or bit al, as s h o w n a b o v e.

A g ai n, at t h e A M 1 l e v el, t h e b al a n c e i n e n er g y sli g htl y f a v o urs t h e i n di c at e d σ - or bit al as t h e tr u e

S O M O.  T h us w e a g ai n n e e d t o c o nsi d er t h e p ossi bilit y  t h at t h e – 1/ 0 pr o c ess m a y i n v ol v e S – S

s cissi o n.

T o d at e m et alli c c o n d u cti vit y h as n ot b e e n d e m o nstr at e d f or m o n o-s u bstit ut e d e x a m pl es, b ut

c o nsi d er a bl e pr o gr ess h as b e e n m a d e f or di-s u bstit ut e d d eri v ati v es, w hi c h als o h a v e t h e

r estri cti o n lift e d of t h e n e utr al st at e h a vi n g t o b e a r a di c al.  E arl y w or k o n t his s yst e m b y t h e

gr o u p of B. Str el ets i n R ussi a us e d p ol ar o gr a p h y i n a c et o nitril e [ 7 6, 7 7].  W h et h er d u e t o t h e

affi nit y of s ulf ur f or m er c ur y, or w h et h er t h es e w or k ers w er e n ot a bl e t o s uffi ci e ntl y s u p pr ess

a d v e ntiti o us m oist ur e,  t h e y w er e n ot e v e n a bl e t o m e as ur e t h e – 1/ 0 pr o c ess.  St arti n g fr o m

p er c hl or at e s alts of t h e c ati o ns, pr o d u c e d b y m et at h esis of t h e c hl ori d es pr o d u c e d fr o m t h e H ert z

r e a cti o n, t h es e w or k ers f o u n d a r e v ersi bl e 0/ + 1 pr o c ess, b ut t his w as f oll o w e d b y a 6- el e ctr o n

w a v e pr o d u ci n g t h e ort h o a mi n ot hi ols a n d -s el e n ols.  R e- d et er mi n ati o n of t h e b e n z o d eri v ati v e 5 3

usi n g c y cli c v olt a m m etr y at a st ati o n ar y pl ati n u m el e ctr o d e h as r e c e ntl y b e e n u n d ert a k e n [ 7 8].

U n d er t h es e c o n diti o ns, t h e – 1/ 0 pr o c ess c o ul d  b e m e as ur e d, b ut w as f o u n d t o b e

el e ctr o c h e mi c all y irr e v ersi bl e.  T h er e is n o e x p eri m e nt al e vi d e n c e f or t h e is ol ati o n of a n a ni o ni c

si n gl e-ri n g dit hi a z ol e.

If w e c o nsi d er t h e + 1/ 0 r e d o x c o u pl e, w hi c h h as b e e n m e as ur e d f or all t h e 1, 2, 3- dit hi a- a n d

dis el e n a z ol es list e d i n T a bl e 5, w e fi n d t h e f oll o wi n g tr e n ds.  First, t h e p ot e nti als m e as ur e d b y

p ol ar o gr a p h y [ 7 6, 7 7] ar e q uit e diff er e nt fr o m t h os e o bt ai n e d at a st ati o n ar y Pt el e ctr o d e [ 7 8] ( –

0. 2 6 vs. + 0. 1 8 V).  T h es e d at a c a n n ot t h er ef or e b e c o m p ar e d wit h e a c h ot h er.  (I n a r e c e nt

r e vi e w, t h e p ot e nti als m e as ur e d b y p ol ar o gr a p h y f or t his cl ass of ri n gs h a v e err o n e o usl y b e e n
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assi g n e d p ositi v e si g ns [ 4]).  As m e nti o n e d a b o v e, gi v e n t h e k n o w n t e n d e n c y of t his is o m er t o

cl e a v e a S – S b o n d, t h e us e of m er c ur y el e ctr o d es is n ot r e c o m m e n d e d i n t h e first pl a c e.

N e v ert h el ess, t h e f o ur c o m p o u n ds m e as ur e d i n t h e R ussi a n a n d C z e c h l a bs f or m a ni c e s eri es i n

w hi c h S a n d S e w er e s yst e m ati c all y r e pl a c e d.  T h e r es ults ar e q uit e i nt er esti n g, si n c e t h e y s h o w

t h at r e pl a c e m e nt of t h e s ulf ur at t h e 2 p ositi o n i n t h e ri n g wit h s el e ni u m c a us es a + 0. 1 V a n o di c

s hift, si mil ar t o t h at o bs er v e d f or t h e t hi a di a z ol es a n d t h e eff e ct p er c h al c o g e n  i n t h e 1, 2, 3, 5-

dit hi a di a z ol e/s el e n a z ol e s eri es [ 2 8].  H o w e v er, r e pl a c e m e nt at t h e 1 p ositi o n h as n o eff e ct o n t h e

p ot e nti als.  C o nsi d er ati o n of t h e c o effi ci e nts of t h e r e d o x or bit al at t h e A M 1 or P M 3 l e v el of

t h e or y d o es n ot pr o vi d e a n o b vi o us e x pl a n ati o n f or t his diff er e n c e.  A c ar ef ul r e- e x a mi n ati o n of

t h e el e ctr o c h e mistr y of t h es e f o ur c o m p o u n ds s e e ms w arr a nt e d, i n c o nj u n cti o n wit h a hi g h er-

l e v el t h e or eti c al st u d y.

T o d at e 5 8  r e pr es e nts t h e o nl y n o n-f us e d e x a m pl e of a m o n o m er 1, 2, 3- dit hi a di a z ol e t o h a v e

b e e n c h ar a ct eri z e d el e ctr o c h e mi c all y.  T his si m pl e fi v e- m e m b er e d ri n g h as t h e hi g h est c ell

p ot e nti al ( E c ell = 1. 5 V) of t h e c o m p o u n ds f or w hi c h b ot h r e d o x pr o c ess es h a v e b e e n d et er mi n e d

i n T a bl e 5.  B y c o m p aris o n t h e f us e d-ri n g c o m p o u n d 5 3  h as Ec ell  = 1. 2 V.  As s e e n pr e vi o usl y

u n d er o ur c o nsi d er ati o n of t hi a di a z ol es, t h e – N = S = N – gr o u p h as a p o w erf ul el e ctr o n-

wit h dr a wi n g eff e ct o n r e d o x pr o p erti es of h et er o c y cli c s yst e ms.  T h us 5 9  h as dr a m ati c all y  m or e

a n o di c v al u es f or b ot h pr o c ess es ( e. g. b y c o m p aris o n wit h 5 3  or 5 7 ); y et t h e eff e ct is r e as o n a bl y

e v e n o n b ot h pr o c ess es, s o t h at t h e m e as ur e d E c ell  i s still l ar g e at 0. 9 9 V.  Alt h o u g h t his v al u e is

still hi g h c o m p ar e d t o t h at of t h e t y pi c al c h ar g e tr a nsf er s alt c o m p o n e nts, it is s uffi ci e nt f or 5 9  t o

b e t h e first g e n ui n e e x a m pl e of a n e utr al r a di c al c o n d u ct or ( N R C).  D es pit e t h e f a ct t h at it a d o pts

a sli p p e d π - di m er st a c k i n t h e s oli d st at e, it h as a r o o m t e m p er at ur e c o n d u cti vit y of 1 ×  1 0– 4  S

c m – 1 , w hi c h is attri b ut e d t o a n el e ctr o n h o p pi n g m e c h a nis m [ 7 8].
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I ns ert Fi g. 3 h er e

T h e c y cli c v olt a m m o gr a ms of 5 9  a n d its 2, 1, 3-is o m er 7 2 , s h o w n i n Fi g ur e 3, ar e e x c e pti o n al

c o m p ar e d t o ot h er dit hi a z ol es i n dis pl a yi n g f ull y r e v ersi bl e w a v es at R T f or b ot h t h e 0/ + 1 a n d

t h e – 1/ 0 pr o c ess es.  Alt h o u g h t his m a y  r efl e ct g e n ui n el y gr e at er c h e mi c al st a bilit y of all t hr e e

r e d o x st at es f or t h es e c o m p o u n ds, it s h o ul d b e r e m e m b er e d t h at el e ctr o c h e mi c al irr e v ersi bilit y

d o es n ot al w a ys i m pl y c h e mi c al i nst a bilit y.  I n d e e d, it is o ur o bs er v ati o n t h at r e d o x pr o c ess es i n

t h e e xtr e m es of l o w – or hi g h – p ot e nti als oft e n a p p e ar irr e v ersi bl e.  T h us it m a y b e t h at t h e

r e v ersi bilit y of b ot h w a v es f or t h es e t w o c o m p o u n ds si m pl y r efl e cts t h e f a v o ur a bl e r e d o x

p ot e nti als f or t h e t w o r e d o x pr o c ess es i n d u c e d b y t h e str o n gl y el e ctr o n- wit h dr a wi n g

t hi a di a z ol o p yr a zi n e "s u bstit u e nt " o n t h e dit hi a z ol e ri n gs.

B y c o m p aris o n wit h t h eir n o n-f us e d a n al o g u es, t h e 1, 2, 3, 5- dit hi a di a z ol es, t h e 1, 2, 3-

dit hi a z ol es s h o w m u c h m or e dr a m ati c v ari ati o n i n t h e p ot e nti al of b ot h r e d o x pr o c ess es a n d E c ell

v al u es, s u g g esti n g t h at wit h s uit a bl e str u ct ur al v ari ati o n a n d s u bstit u e nt eff e cts, m or e e x a m pl es

of t his s yst e m m a y b e t u n e d i nt o f u n cti o ni n g N R C's.

W e c o nsi d er n o w t h e bif u n cti o n al dit hi a z ol es s u c h as 6 0 - 6 4 , f or w hi c h dr a m ati c l o w eri n g of

t h e Ec ell  v al u es h a v e b e e n a c hi e v e d, w ell wit hi n t h e r a n g e of c ell p ot e nti als o bs er v e d f or T T F a n d

T C N Q.  A c o ntri b uti n g f a ct or h er e n o d o u bt is t h e str o n gl y q ui n oi d al str u ct ur e of t h e or g a ni c π -

s yst e ms t h at ar e i n d u c e d b y t h e p att er ns of s u bstit uti o n r e pr es e nt e d b y t h es e c o m p o u n ds.  T h e

l o w est Ec ell  v al u e is f or 6 4  at 0. 2 5 V b et w e e n t h e + 1/ + 2 a n d 0/ + 1 c o u pl es.  Ir o ni c all y t h e c o u pli n g

of t w o 7 π  s yst e ms t hr o u g h a c o m m u ni c ati v e  li n k a g e i n d u c es di a m a g n eti c gr o u n d st at es i n t h es e

s yst e ms.  ( T his diff ers fr o m bif u n cti o n al 1, 2, 3, 4- dit hi a di a z ol es, i n w hi c h t h er e is o nl y v er y w e a k

c o m m u ni c ati o n a cr oss bri d gi n g b a c k b o n es, a n d t h e gr o u n d st at es eff e cti v el y c o nsist of is ol at e d

d o u bl ets.)  T h us 6 0  - 6 4  h a v e utilit y i n t h e pr o d u cti o n of RI C's r at h er t h a n N R C's.  S e v er al of
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t h es e c o m p o u n ds f or m c o n d u cti n g s alts of t h eir r a di c al c ati o ns [ 7 9, 8 0].  N ot e t h at t h e r a di c al

m o n o a ni o ns ar e pr o d u c e d at r el ati v el y a c c essi bl e p ot e nti als ( gi v e n t h e si z e of t h es e e xt e n d e d ri n g

s yst e ms), b ut t o d at e all t h es e c o u pl es h a v e b e e n irr e v ersi bl e, at l e ast at R T.  T his pr o c ess b e ars a

m or e d et ail e d el e ctr o c h e mi c al i n v esti g ati o n.  W e als o n ot e t h at t h e + 1/ + 2 c o u pl e i n 6 1  is f o u n d t o

b e irr e v ersi bl e, w hi c h h as b e e n attri b ut e d t o a c o m pr o p orti o n ati o n r e a cti o n b et w e e n t h e n e utr al

f or m a n d t h e di- c ati o n [ 8 1].  S u c h c o m pr o p orti o n ati o n r e a cti o ns ar e w ell est a blis h e d f or t h e

1, 2, 3, 5- dit hi a di a z ol es, a n d m a y i n d e e d b e o p er ati v e h er e.  S u c h a r e a cti o n s h o ul d b e s u p pr ess e d

if t h e b ul k m at eri al i n t h e el e ctr o c h e mi c al c ell w er e a s alt of t h e m o n o- c ati o n, a n d t his is a n ot h er

f e at ur e t h at b e ars f urt h er st u d y.  W e n ot e t h at t h e + 1/ + 2 c o u pl e i n 6 1  is f o u n d at t h e m ost a n o di c

p ot e nti al of t h e s eri es, s o t h at t h e a bs ol ut e e n er g y m a y als o pl a y a r ol e i n t h e irr e v ersi bilit y of t his

r e d o x pr o c ess.

4. 4 1, 3, 2- Dit hi a z ol es a n d 1, 3, 2- dis el e n a z ol es

T h es e ar e is o m ers of t h e 1, 2, 3- s yst e m dis c uss e d i n s e cti o n 4. 3.  Alt h o u g h t h e s y nt h esis of

t his cl ass or ri n gs h as b e e n e xt e nsi v el y e x pl or e d [ 8 2- 8 4], r el ati v el y littl e el e ctr o c h e mi c al d at a

h a v e b e e n r e p ort e d.  T h e d at a t a bl es c o nt ai n t w o ki n ds of c o m p o u n ds, t h os e wit h a n d t h os e

wit h o ut s u bstit uti o n o n N.  T h e ri n gs i n w hi c h t h e Gr o u p 1 5/ 1 6 el e m e nts b e ar n o s u bstit u e nts ar e

dir e ctl y c o m p ar a bl e t o t h e ot h er c o m p o u n ds i n t his r e vi e w, a n d li k e t h eir is o m ers, ar e 7 π -

el e ctr o ns s yst e ms i n t h e n e utr al f or m [ 7 8, 8 5]:

+ 1 e -

- 1 e-

+ 1 e -

- 1 e-

R

R

S
N

S

+
R

R

S
N

S
-

R

R

S
N

S
.

π - S O M O
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T h e r e d o x or bit al f or t h e 1, 3, 2- dit hi a z ol e s yst e m is u n a m bi g u o usl y t h e π - S O M O i n di c at e d a b o v e.

T h e a bs e n c e of a l o w-l yi n g σ - a nti b o n di n g virt u al or bit al r efl e cts t h e m u c h gr e at er str e n gt h of C –

S a n d N – S c o m p ar e d t o S – S si n gl e b o n ds, w hi c h ar e a bs e nt i n t his is o m er.

Alt h o u g h m a n y n o n-f us e d 1, 3, 2- dit hi a z ol es h a v e b e e n r e p ort e d, o nl y 6 5  a n d 6 6  h a v e b e e n

st u di e d b y el e ctr o c h e mistr y t o o ur k n o wl e d g e [ 8 3].  T h e d at a ar e c o m pil e d i n T a bl e 6.

M o n of u n cti o n al 1, 3, 2- dit hi a z ol es ar e c a n di d at es f or t h e c o nstr u cti o n of N R C's.  Bif u n cti o n al

c o m p o u n ds a g ai n f a c e a di c h ot o m y: w h er e t h er e is c o m m u ni c ati o n a cr oss t h e c ar b o c yli c

b a c k b o n e l e a di n g t o s pi n- c o u pli n g, t h e y c a n n ot f u n cti o n as N R C's, b ut m a y b e s uit a bl e RI C's; i n

t h e a bs e n c e of c o u pli n g t h e is ol at e d ri n gs m a y f u n cti o n as N R C’s.

H o w e v er, w h e n t h e N at o m b e ars a c ar b o n s u bstit u e nt - t h e ot h er cl ass of b e n z o dit hi a z ol es

list e d i n T a bl e 6 - t h e ri n gs ar e f or m all y s at ur at e d, a n d h a v e a n 8π - el e ctr o n c o u nt [ 8 6].  A 0/ + 1

pr o c ess f or t h es e c o m p o u n ds r es ults i n t h e f or m ati o n of r a di c al c ati o ns, a n d s y st e ms of t his t y p e

mi g ht b e m o n of u n cti o n al c o m p o n e nts f or RI C's if t h e p ot e nti als ar e s uit a bl e.

T o d at e o nl y a si n gl e s el e ni u m- c o nt ai ni n g s p e ci es h as b e e n st u di e d el e ctr o c h e mi c all y [ 8 7].

C o m p o u n d 6 8  is t h e dis el e ni u m a n al o g u e t o 6 7 .  T h e n at ur e of t h e s y nt h eti c r o ut e us e d t o

pr o d u c e t h es e dit hi a- a n d dis el e n a di a z ol es m a k es t h e pr e p ar ati o n of t h e mi x e d S/ S e ri n gs

c o nsi d er a bl y m or e diffi c ult t h a n f or t h e 1, 2, 3- is o m ers, f or w hi c h a dir e ct s y nt h eti c r o ut e t o s u c h

mi x e d s yst e ms e xists [ 8 8].  T h e d at a f or t his c o m p o u n d w as o bt ai n e d u n d er diff er e nt c o n diti o ns

t h a n t h e ot h ers i n t h e s eri es (s e e T a bl e 6), a n d is t h us diffi c ult t o c o m p ar e dir e ctl y.  H o w e v er, f or

t h e 1, 2, 3, 5- dit hi a di a z ol es, w e h a v e f o u n d t h at t h e 0/ + 1 pr o c ess (t h at w hi c h w as m e as ur e d f or 6 8 )

w h e n m e as ur e d i n C H 2 Cl 2 , is g e n er all y 0. 2 V m or e c at h o di c t h a n w h e n m e as ur e d i n M e C N

[ 1 4, 2 8].  If t his diff er e n c e a p pli es t o t h e 1, 3, 2- dit hi a z ol es als o, t h e n t h e p ot e nti als f or t his pr o c ess

i n 6 7  a n d 6 8  b e c o m e i n disti n g uis h a bl e.  I n t h e c as e of t h e 1, 2, 3-is o m er, r e pl a c e m e nt of S f or S e
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at the position attached to the benzene ring also had no appreciable effect on the redox potential

for the 0/+1 process.  Our previous experience with dithia- and diselenadiazoles found, however,

that the –1/0 process was more affected by Se for S substitution, and that the Se-containing rings

had an overall lower Ecell than the S-containing analogues [14,28].  There is thus ample warrant

for the careful re-investigation of the electrochemistry of compounds such as 67 and 68, and in

particular to try and obtain data for both compounds under the same conditions and measure both

the 0/+1 and –1/0 processes.  Isolation of the neutral form would be most advantageous for this

study to avoid comproportionation. We also draw attention to the huge discrepancy in the values

reported for the 0/+1 couple in 65 and 66.  It is at least conceivable that the potentials for 65 at

+0.02 and 67 at +0.15 V should differ by this amount between the parent ring and the benzo-

fused system.  But it is difficult to see that replacement of a single H atom by a methyl group

should induce a –0.65 V cathodic shift.  These compounds are therefore also candidates for

careful re-investigation.

Insert Fig. 4 here

The monofunctional unsubstituted 1,3,2-dithiadiazoles that have been reliably measured

indicate a high degree of redox tuning by the substituents [78,85,89].  The cyclic voltammograms

of 67, 69, 70 and 71 are presented in Figure 4 to highlight graphically the half-volt tunability

among these rather similar compounds.  If 72, which contains the previously mentioned

thiadiazolopyrazine "substituent", is included, the range of voltages for the 0/+1 process extends

over 0.85 V, and that of the –1/0 process over 1.1 V.  However, another thing that is immediately

obvious from Figure 4 is that Ecell - which corresponds to the separation between the peaks of the

two redox processes - is remarkably constant, being significantly lowered only in the case of 72.

The Ecell values for 67, 69, 70 and 71 are quite similar to those measured for the 1,2,3,5-
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dithiadiazoles (ranges of –1.33 to –1.41 V compared to –1.31 to –1.53 V when measured in

acetonitrile solution).  We note also that the –1/0 processes for all the compounds in Figure 4 are

irreversible at RT, while that of 72 is to date the only reported reversible –1/0 process for a

mono-functional 1,3,2-dithiazole.  These compounds bear further investigation for the

dependence of the –1/0 process on scan speed and temperature, and they should also be studied

by a.c. voltammetry.  We note that, as for the 1,2,3- case, the –1/0 process is reversible precisely

when the absolute voltage of the process is brought closer to the centre of the SCE scale (see

above).

It is of interest to compare the Ecell values for 1,2,3- and 1,3,2- isomers.  From the two sets of

compounds for which data exits (e.g. 53 vs. 67 and 59 vs. 72), Ecell seem to be slightly smaller for

the 1,2,3-'s (by 0.18 V in one case, and 0.07 in the other).  This is an issue that clearly bears

deeper investigation, although to do so will require considerable synthetic effort to produce the

isomers bearing the same substituents.

The only bifunctional 1,3,2-dithiazole that has been studied electrochemically is 73,

originally prepared by Wolmersh user [90] and also by Wudl [91].  As expected for a

bifunctional system with strong communication along the carbocyclic backbone, 73 can be

reversibly oxidized from the neutral form to the radical monocation and then to the dication [92].

Two irreversible reduction waves were also recorded.  The Ecell values for the reversible couples

in 73 are comparable to those in bifunctional 1,2,3- compounds spaced by a single aromatic ring,

but less than the naphtho-bridged 64.

We consider now the 4N annulenes 74 - 78 and see that these do indeed demonstrate

reductions to the radical cation and di-cation states (0/+1 and +1/+2 processes in Table 6) [86].

The additional +2/+3 process identified in 77 and 78 probably deals with an oxidation of the
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s u bstit u e nt ar o m ati c ri n g, a n d will n ot b e dis c uss e d h er e. T h e c ell p ot e nti als f or t h es e c o m p o u n ds

ar e i n d e e d q uit e s m all, b ei n g a p pr o xi m at el y – 0. 5 t o – 0. 3 V, i m pr e cis e b e c a us e t h e + 1/ + 2 pr o c ess

is i n all c as es irr e v ersi bl e.  T h e p ot e nti als ar e alt o g et h er t o o a n o di c t o b e of us e f or f or mi n g

c h ar g e tr a nsf er s alts wit h c o n v e nti o n al a c c e pt ors.

N ai v el y o n e mi g ht t hi n k t h at t h e r e d o x pr o c ess f or 7 4  - 7 8 , d e pi ct e d i n t h e e q u ati o n b el o w,

s h o ul d b e t h e s a m e as t h os e of t h e m o n of u n cti o n al 1, 3, 2-ri n gs wit h n o s u bstit u e nt o n N:
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T h e H O M O w h e n R = H

T h e  r e d o x  or bit al  i n  t his  c as e  is  t h e  H O M O  of  t h e  n e utr al  c o m p o u n d,  fr o m  w hi c h  o n e  or  t w o

el e ctr o ns  ar e  r e m o v e d  i n  t h e  o xi d ati o n  pr o c ess es.    T h us  t h e  0/ + 1  pr o c ess  f or  t h es e  c o m p o u n ds

c orr es p o n ds  f or m all y  t o  t h e  – 1/ 0  pr o c ess  f or  t h e  u ns u bstit ut e d  ri n gs,  w hi c h  is  als o  a n  8 π / 7π

c o u pl e.  H o w e v er, t h e r e d o x p ot e nti als b e ar n o li k e n ess t o o n e a n ot h er ( e. g. + 0. 9 2 V f or 7 4  vs. –

1. 2 V f or 6 7 ).  Alt h o u g h, at t h e A M 1 l e v el, t h e r e d o x or bit al b e ars a f or m al si mil arit y t o t h at of

t h e u ns u bstit ut e d dit hi a z ol es  (s e e  a b o v e),  it  is  n ot  a  tr u e π - or bit al,  b e c a us e  of  t h e  p yr a mi d al  N

at o m  i n  t h e  m ost  st a bl e  c o nf or m ati o n  of  t his  a nti- ar o m ati c  h et er o c y cl e  ( o v er all C s  s y m m etr y),

a n d it h as c o nsi d er a bl e N- σ  l o n e p air c h ar a ct er.

4. 5 1, 2, 3, 5- Dit hi a di a z ol es a n d 1, 2, 3, 5- dis el e n a di a z ol es

N e utr al dit hi a di a z ol es, li k e dit hi a z ol es, h a v e a n o d d- el e ctr o n c o u nt a n d t h e r e d o x pr o c ess c a n

b e u n d erst o o d as f oll o ws:
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T h e r e d o x or bit al f or t his o d d- el e ctr o n ri n g s yst e m, i n t h e n e utr al f or m, is t h e i n di c at e d π - S O M O,

fr o m w hi c h a n el e ctr o n is eit h er r e m o v e d i n t h e 0/ + 1 pr o c ess, or a d d e d i n t h e – 1/ 0 pr o c ess.  T his

or bit al is π  a nti- b o n di n g wit h r es p e ct t o t h e S – N b o n d, a n d f or m all y a nti- b o n di n g wit h r es p e ct t o

t h e S – S b o n d, b ut eff e cti v el y n o n- b o n di n g b e c a us e of t h e l o n g S – S b o n d dist a n c e.  It h as a n o d e

at C.

T h e y ar e t h er ef or e c a n di d at es f or t h e c o nstr u cti o n of N R C's.  C al c ul ati o ns a n d e x p eri m e nt

h a v e s h o w n t h at e v e n bif u n cti o n al 1, 2, 3, 5- dit hi a di a z ol es ar e s uit a bl e f or t his p ur p os e; as a

c o ns e q u e n c e of t h e n o d al p att er n of t h e r e d o x or bit al s h o w n a b o v e, t h er e is n o dir e ct

c o m m u ni c ati o n of t h e π - el e ctr o n s yst e m a cr oss a c ar b o c y cli c b a c k b o n e, a n d bif u n cti o n al [ 3 5]

[ 9 3] as w ell as tri-f u n cti o n al 1, 2, 3, 5- dit hi a di a z ol es h a v e b e e n pr e p ar e d [ 9 4, 9 5].  T h e d at a i n

T a bl e 7 i n cl u d e m a n y e x a m pl es of m o n of u n cti o n al a n d a f e w bif u n cti o n al e x a m pl es.  E xtr e m el y

l o w s ol u bilit y h as pr e v e nt e d t h e s ol uti o n el e ctr o c h e mistr y of t h e trif u n cti o n al e x a m pl es fr o m

b ei n g st u di e d, b ut t h er e is n o r e as o n t o ass u m e t h at t h e y diff er fr o m t h e bif u n cti o n al c as es i n t his

r e g ar d.

 T h es e c o m p o u n ds r e pr es e nt b y f ar t h e m ost t h or o u g hl y st u di e d r e d o x a cti v e Gr o u p 1 5/ 1 6

h et er o c y cl es b y el e ctr o c h e mistr y.  B ot h str o n gl y el e ctr o n wit h dr a wi n g a n d el e ctr o n d o n ati n g

s u bstit u e nts h a v e b e e n st u di e d, wit h e x a m pl es w h er e t h e s u bstit u e nts ar e dir e ctl y att a c h e d t o t h e

fi v e- m e m b er e d ri n g (7 9 - 8 6 ), a n d m a n y m or e w h er e t h e s u bstit u e nts ar e r e m ot el y att a c h e d t o a

p h e n yl ri n g i n t h e p ar a  p ositi o n (8 7  - 1 0 0 ), t h e m et a  p ositi o n (1 0 1  - 1 0 4 ) a n d e v e n i n t h e ort h o
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p ositi o n ( 1 0 5 ), as w ell as t hr e e bif u n cti o n al e x a m pl es (1 0 6 - 1 0 8 ); i n all 3 0 diff er e nt h et er o c y cl es

h a v e b e e n st u di e d.  M ost h a v e b e e n st u di e d b ot h as s alts of t h e 6 π - el e ctr o n c ati o ns a n d as t h e 7π -

el e ctr o n r a di c als ( b y diss o ci ati o n of t h e w e a kl y b o u n d r a di c al di m ers i n s ol uti o n).  I n a d diti o n i n

s o m e c as es m or e t h a n o n e s alt of t h e s a m e ri n g s yst e m h as b e e n st u di e d, e. g. As F 6
–  a n d P F6

–  s alts

of 8 6 .  T h e o v er w h el mi n g a gr e e m e nt of all t his d at a, o bt ai n e d b y t hr e e diff er e nt r es e ar c h gr o u ps,

h as d o n e m u c h t o a n c h or t h e r eli a bilit y of el e ctr o c h e mi c al m e as ur e m e nts of r e d o x a cti v e

h et er o c y cl es a n d c o nfir m t h at t h e e x p eri m e nt al a p pr o a c h es ar e r eli a bl e.  I n p arti c ul ar, t h e g o o d

c orr es p o n d e n c e i n a bs ol ut e p ot e nti als o n t h e S C E s c al e o bt ai n e d b y b ot h i nt er n al r ef er e n ci n g

usi n g F c/ F c +  a n d e xt er n al r ef er e n ci n g t o A g/ A g+ , b ot h c orr e ct e d t o t h e S C E s c al e i n s e p ar at e

e x p eri m e nts, is e n c o ur a gi n g.

E x a m pl es w h er e b ot h t h e R C N 2 S 2  a n d R C N2 S e 2  ri n gs h a v e b e e n st u di e d wit h t h e s a m e R

gr o u p ar e als o i n cl u d e d i n t h e t a bl e.  N o s y nt h eti c r o ut e h as b e e n d e v el o p e d f or mi x e d S/ S e

c o m p o u n ds, a n d n o n e ar e k n o w n.  T h e i nfl u e n c e of S e h as b e e n f o u n d t o b e n e gli gi bl e o n t h e

0/ + 1 r e d o x pr o c ess, b ut a v er a g es a b o ut 0. 2 V o n t h e – 1/ 0 pr o c ess, wit h t h e p ot e nti als of t h e S e

c o m p o u n ds b ei n g m or e a n o di c [ 1 4, 2 8].  T his r es ults i n t h e E c ell  v al u es f or t h e R C N2 S e 2  ri n gs

b ei n g ~ 0. 2 V s m all er i n m a g nit u d e t h a n t h os e of t h e R C N 2 S 2 .

M a n y of t h es e c o m p o u n ds h a v e b e e n st u di e d b ot h i n a c et o nitril e a n d m et h yl e n e c hl ori d e

s ol uti o ns ( usi n g t h e s a m e B u 4 N P F 6  el e ctr ol yt e) [ 1 4, 2 8].  T his h as s h o w n t h at s ol v e nt d e p e n d e n c e

i n t h e el e ctr o c h e mistr y of r e d o x- a cti v e h et er o c y cl es is pr o c ess- d e p e n d e nt .  T h us it w as f o u n d t h at

t h e – 1/ 0 p ot e nti als w er e i d e nti c al i n a c et o nitril e a n d m et h yl e n e c hl ori d e, w h er e as t h e 0/ + 1

pr o c ess w as t y pi c all y a b o ut 0. 2 V m or e a n o di c i n m et h yl e n e c hl ori d e.  T his r es ult e d i n E c ell

v al u es b ei n g a p pr o xi m at el y 0. 2 V l ar g er i n m a g nit u d e f or t h e l ess p ol ar s ol v e nt, a r es ult w hi c h

h as b e e n i nt er pr et e d as b ei n g c o nsist e nt wit h t h e f a ct t h at g as- p h as e c ell p ot e nti als fr o m
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c o m p ut ati o ns ar e i n d e e d m u c h  l ar g er t h a n t h e s ol uti o n p h as e m e as ur e m e nts, b ut t h at t h e l ess

p ol ar s ol v e nt s h o ul d mi mi c t h e g as- p h as e pr o p erti es m or e cl os el y t h a n t h e m or e p ol ar s ol v e nt

[ 1 4].  T his w or k h as als o c o nfir m e d t h e utilit y of a c et o nitril e (t h e m ost c o m m o n a pr oti c s ol v e nt

f or el e ctr o c h e mistr y) as a s ol v e nt t o pr o b e dis pr o p orti o n ati o n e n er gi es i n s ol uti o n, si n c e it m or e

cl os el y r efl e cts t h e s oli d-st at e e n vir o n m e nt.

T h e p ar all el el e ctr o c h e mistr y o bt ai n e d fr o m t h e s alts of t h e 6 π - el e ctr o n c ati o ns a n d t h e 7π -

el e ctr o n r a di c als is c o nsist e nt wit h ot h er e vi d e n c e t h at 1, 2, 3, 5- dit hi a- a n d dis el e n a di a z ol e di m ers

diss o ci at e c o m pl et el y i nt o m o n o m eri c r a di c als i n dil ut e s ol uti o n.    T h er e w as a bs ol ut el y n o

i n di c ati o n fr o m t h e s ol uti o n el e ctr o c h e mistr y of t h e pr es e n c e of a r a di c al c ati o n di m er i n s ol uti o n

f or a n y of t h e s yst e ms st u di e d a n d r e p ort e d i n T a bl e 6.  At hi g h er c o n c e ntr ati o ns, di m eri z ati o n

d o es o c c ur, es p e ci all y f or t h e dis el e n a di a z ol e s yst e m, as s h o w n b y U V- vis s p e ctr os c o p y [ 9 6].

T h er e w as, h o w e v er, o n e e xtr e m el y i m p ort a nt c o ns e q u e n c e of usi n g t h e n e utr al r a di c al - i. e.

t h e mi d dl e- p oi nt of t h e r e d o x tri a d - as t h e c h e mi c al s o ur c e f or t h e el e ctr o c h e mi c al e x p eri m e nt:

t his w as us u all y t h e o nl y  w a y t o g et r e v ersi bl e c y cli c v olt a m m o gr a ms f or b ot h t h e 0/ + 1 a n d t h e –

1/ 0 r e d o x c o u pl es.  If a s alt of t h e c ati o n is us e d as a s o ur c e of b ul k m at eri al i n t h e

el e ctr o c h e mi c al c ell, t h e 0/ + 1 pr o c ess w as al w a ys r e v ersi bl e, b ut t h e – 1/ 0 pr o c ess w as al w a ys

irr e v ersi bl e.  B a nist er, et. al. h a v e s u g g est e d t h at t his el e ctr o c h e mi c al irr e v ersi bilit y c a n b e

attri b ut e d t o a r a pi d c o m pr o p orti o n ati o n r e a cti o n, i. e. d u e t o t h e est a blis h m e nt of t h e f oll o wi n g

e q uili bri u m [ 4 2]:

N S

SN

R -
N S

SN

R .
N S

SN

R + 2+

( 3)

Us e of t h e mi d dl e s p e ci es of a r e d o x tri a d f or t h e el e ctr o c h e mi c al e x p eri m e nt pr e v e nts t his

c o m pr o p orti o n ati o n r e a cti o n.  T his is a n i m p ort a nt p oi nt w h e n el e ctr o c h e mistr y  is b ei n g us e d t o
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ass ess t h e st a bilit y of a tri a d of r e d o x st at es.  S e v er al e x a m pl es of irr e v ersi bl e r e d o x pr o c ess es

i d e ntifi e d i n t his r e vi e w m a y i n f a ct b e d u e t o si mil ar c o m pr o p orti o n ati o n r e a cti o ns, a n d w h er e it

is p ossi bl e t o c h e mi c all y pr e p ar e t h e mi d dl e-s p e ci es of t h e tri a d, t h at s p e ci es s h o ul d b e us e d t o

m e as ur e t h e el e ctr o c h e mistr y of t h e s yst e m.  It s h o ul d b e n oti c e d t h at t h e ki n eti cs of t his

c o m pr o p orti o n ati o n r e a cti o n v ari es gr e atl y fr o m s yst e m t o s yst e m.  I n l ar g e, n o n-i nt er a cti n g

c o m p o u n ds it is oft e n p ossi bl e t o m e as ur e s e v er al f ull y r e v ersi bl e r e d o x pr o c ess es st arti n g fr o m

o nl y a si n gl e c h e mi c al s p e ci es.  A stri ki n g e x a m pl e of t his ki n d of r e v ersi bilit y is f o u n d i n t h e

si x-st a g e r e d u cti o n of C6 0  b y c y cli c v olt a m m etr y ( Fi g ur e 5) [ 9 7].  B ut i n s m all er c o m p o u n ds

w h er e t h e c h ar g e r es er v oir is s m all er, s e v er al s e q u e nti al r e d o x st e ps c a n r ar el y b e m e as ur e d fr o m

a si n gl e st arti n g p oi nt.

I ns ert Fi g. 5 h er e

T h e r e d o x t u n a bilit y of 1, 2, 3, 5- dit hi a di a z ol es is g e n er all y l ess t h a n t h e c o n d e ns e d-ri n g

dit hi a z ol es dis c uss e d a b o v e.  T h us f or a wi d e r a n g e of r e m ot e s u bstit u e nts o n t h e ar o m ati c ri n g,

t u n a bilit y w as o n t h e or d er of  ± 0. 1 V.  N o si g nifi c a nt diff er e n c e c o ul d b e d et e ct e d fr o m p ar a  as

o p p os e d t o m et a  s u bstit uti o n ( a n d i n t h e o n e c as e of ort h o  s u bstit uti o n t h e p ot e nti als of t h e 0/ + 1

pr o c ess ar e i d e nti c al, cf. 9 0  vs. 1 0 5 ).  H o w e v er, t his r ef ers t o r e d o x t u n a bilit y vi a t h e c ar b o c y cli c

π - el e ctr o n s yst e m.  T h e e vi d e n c e fr o m c o m p o u n ds 7 9  t o 8 6  is t h at a t u n a bilit y of > 0. 5 V is

o bt ai n a bl e b y i n d u cti v e eff e cts f or dir e ctl y b o u n d s u bstit u e nts.  I n li g ht of t h e k n o w n

el e ctr o ni c/str u ct ur al eff e cts of R 2 N – s u bstit u e nts o n t hi a z yl ri n g s yst e ms, t h e p arti c ul arl y

dr a m ati c eff e ct of a di m et h yl a mi n o s u bstit u e nt ( 8 4 ) w arr a nts f urt h er i n v esti g ati o n [ 1].
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4. 6 1, 3, 2, 4- Dit hi a di a z ol es

T h e el e ctr o c h e mi c al d at a f or t his is o m er of t h e dit hi a di a z ol e ri n g s yst e m is pr es e nt e d i n T a bl e

8.   T h e r es ults p ar all el t h os e of t h e 1, 2, 3, 5-s yst e m i n m a n y w a ys, b ut t h er e ar e s o m e i m p ort a nt

diff er e n c es as w ell as si mil ariti es.  First of all, t h e r e d o x pr o c ess es ar e si mil ar:

+ 1 e -

- 1 e-

+ 1 e -

- 1 e-
S N

SN

R +
S N

SN

R
S N

SN

R -.

π - S O M O 

T h e r e d o x or bit al f or t his o d d- el e ctr o n ri n g s yst e m, i n t h e n e utr al f or m, is t h e i n di c at e d π - S O M O,

fr o m w hi c h a n el e ctr o n is eit h er r e m o v e d i n t h e 0/ + 1 pr o c ess, or a d d e d i n t h e – 1/ 0 pr o c ess.

T h es e s yst e ms ar e t h us p ot e nti all y of i nt er est f or t h e c o nstr u cti o n of RI C's.  T h e y s uff er fr o m

o n e m aj or dr a w b a c k f or t his p ur p os e w hi c h aff e cts t h e s y nt h eti c r o ut es a n d p urifi c ati o n s c h e m es

t h at n e e d t o b e e m pl o y e d: as t h e n e utr al 7π - el e ctr o n r a di c al, t h e 1, 3, 2, 4- is o m er is u nst a bl e b ot h

i n s ol uti o n a n d i n t h e s oli d st at e, a n d is o m eri z es t o t h e t h er m o d y n a mi c all y st a bl e 1, 2, 3, 5- is o m er

[ 3, 9 8- 1 0 1].  I n d e e d, t his tr a nsf or m ati o n c a n b e f oll o w e d i n s ol uti o n b y el e ctr o c h e mistr y, as

d e m o nstr at e d i n Fi g ur e 6 [ 4 2, 1 0 2].

I ns ert Fi g. 6 h er e.

F or t his r e as o n, el e ctr o c h e mi c al d at a h as o nl y b e e n r e p ort e d st arti n g fr o m s alts of t h e 6 π -

el e ctr o n c ati o ns.  T h e s a m e pr o bl e m affli cts t his d at a as o bs er v e d f or t h e 1, 2, 3, 5- is o m ers, i n t h at

t h e – 1/ 0 pr o c ess t ur ns o ut t o b e irr e v ersi bl e; p er h a ps d u e t o a si mil ar c o m pr o p orti o n ati o n

r e a cti o n.  B a nist er, et. al., h a v e als o c h os e n n ot t o r e p ort c at h o di c p e a k p ot e nti als f or t h e

irr e v ersi bl e pr o c ess es, s o t h at w e c a n n ot o bt ai n a n y i nf or m ati o n o n t h e r el ati v e si z e of Ec ell  f or

t his is o m er.  Fr o m fi g. 6 i n R ef.[ 4 2], it is p ossi bl e t o r e a d a c at h o di c p e a k p ot e nti al f or 1 1 0 at
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approximately –1.4 V in acetonitrile solution.  If this is indeed accurate, it leads to an Ecell of 1.7

V, significantly greater than the 1.43 V measured for the corresponding 86 [14].  The origin of

this larger Ecell is not well understood, and further speculation is unwarranted until more reliable

data is available.  It may, for example, be possible to measure the solution electrochemistry of

1,3,2,4- isomers starting from the neutral state in dilute solution at sufficiently low temperature

that isomerism is suppressed sufficiently to allow for measurement of the –1/0 processes for a

number of examples.

The potentials of the 0/+1 process that have been measured are found to be about 0.27 V

more anodic in the 1,2,3,5- isomer.  This difference is reflected by semi-empirical MO

calculations.  Thus analogous AM1 minimized HCN2S2 cations have LUMO's (the redox-active

orbital for each isomer) at –7.2  and –8.1 eV for the 1,3,2,4- and 1,2,3,5- isomers, respectively.

Although it is naïve to assign the absolute redox potentials to gas-phase calculations, it may be

that these isomeric systems are sufficiently equally solvated by acetonitrile to make the

comparison a valid one.

Insert Fig. 7 here.

Some of the most interesting results have been obtained for the mixed ring bifunctional

examples 133 and 134.  Thus the CV shown in Fig. 7 indicates the presence of both redox

processes. This is a unique example of a non-communicating radical cation.  Although the

separation between the half-waves in 133 is only 0.29 V, this is not truly a cell potential because

the biradical is non-communicating.  To date no transport properties have been measured for

solid samples of 133, nor has a crystal structure been reported.  It may be that the instability of

the biradical in solution precludes the preparation of crystalline sample.  We note that the radical
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c ati o n w o ul d i n d e e d h a v e t h e u n p air e d el e ctr o n at t h e ( u nst a bl e) 1, 3, 2, 4-ri n g of t h e m ol e c ul e,

si n c e t h e 1, 2, 3, 5-ri n g h as t h e m or e a n o di c p ot e nti al f or t h e 0/ + 1 pr o c ess:

N S

N SNS

SN

. + X -

5. Si x- m e m b e r e d ri n g s yst e ms

F ar l ess is k n o w n a b o ut t h e el e ctr o c h e mi c al pr o p erti es of r e d o x- a cti v e si x- m e m b er e d

h et er o c y cl es.  I n d e e d s u c h ri n g s yst e ms h a v e r e c ei v e d f ar l ess st u d y, a n d ar e oft e n l ess st a bl e a n d

h ar d er t o s y nt h esi z e t h a n t h e n u m er o us ki n ds of fi v e- m e m b er e d ri n g c o m p o u n ds.  D at a o n

t hi atri a zi n es a n d t h e cl os el y r el at e d, f us e d-ri n g, dit hi a di a zi n es ar e pr es e nt e d i n T a bl e 8, w hil e

c ar b o c y cli c a n d h et er o c y cli c dit hi atri a zi n es ar e i n cl u d e d i n T a bl e 9.  T h er e ar e als o m et all a c y cli c

dit hi atri a zi n es, w hi c h h a v e b e e n pl a c e d i n T a bl e 1 4 b e c a us e t h e r e d o x pr o c ess es h a v e b e e n

s h o w n t o b e m et al- c e ntr e d r at h er t h a n ri n g- c e ntr e d.

5. 1  T hi atri a zi n es

T h e si x- m e m b er e d t hi atri a zi n e ri n g s yst e m is a n ot h er c as e w h er e t h e n e utr al f or m is a 7 π -

el e ctr o n s yst e m, s o t h at m o n o-f u n cti o n al t hi atri a zi n es ar e c a n di d at es f or t h e c o nstr u cti o n of

N R C’s [ 1 0 3].  T h e s ol e n e utr al t hi atri a zi n e t h at h as b e e n str u ct ur all y c h ar a ct eri z e d c o nt ai ns a

str o n gl y di m eri z e d u nit t h at s h o ws n o l o n g r a n g e st a c ki n g i n t h e s oli d st at e.  F or t his r e as o n, t h e

t hi atri a zi n es s e e m t o h a v e b e e n b y p ass e d i n t h e s e ar c h f or n e w N R C c a n di d at es.  T h e r e d o x

pr o c ess c a n b e r e pr es e nt e d as:

+ 1 e -

- 1 e-

+ 1 e -

- 1 e-+
N

N

N
S

RR

-N

N

N
S

RR

.N

N

N
S

RR
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π - S O M O

T h e r e d o x or bit al i n t his s yst e m is u n a m bi g u o usl y t h e i n di c at e d π - S O M O, alt h o u g h t h e a ni o ni c

f or m h as o nl y b e e n str u ct ur all y c h ar a ct eri z e d as a n e utr al i mi n e d eri v ati v e, w hi c h n o l o n g er h as

π -s y m m etr y [ 1 0 3].

Of t h e c o m p o u n ds list e d i n T a bl e 9, o nl y s o m e e x a m pl es ar e dir e ctl y c o m p ar a bl e.

C o m p o u n d 1 3 5  w as m e as ur e d u n d er pr oti c c o n diti o ns, a n d o nl y t h e – 1/ 0 r e d o x pr o c ess w as

m e as ur e d.  C o m p o u n ds 1 3 6 , 1 3 7  a n d 1 3 9  ar e e x a m pl es of a n al o g o us 3, 5- di ar yl s u bstit ut e d

t hi atri a zi n es wit h el e ctr o n d o n ati n g a n d a c c e pti n g s u bstit u e nts [ 8 9].  T h e S – Cl c o m p o u n ds ar e

n ot dir e ctl y c o m p ar a bl e, si n c e it is w ell k n o w n t h at c hl ori d e s alts of t hi a z yl c o m p o u n ds h a v e

e xt e nsi v e c ati o n- a ni o n i nt er a cti o ns; i n d e e d t h e str u ct ur all y c h ar a ct eri z e d t hi atri a zi n yl c hl ori d es

h a v e c o v al e nt S – Cl b o n ds i n t h e s oli d st at e [ 1 0 4].

T w o f a cts ar e i m m e di at el y o b vi o us b y c o m p aris o n t o t h e ot h er cl ass es of r e d o x- a cti v e

h et er o c y cl es t h at h a v e b e e n i n cl u d e d i n t his r e vi e w.  First, t h e E c ell  v al u es ar e f airl y hi g h, r a n gi n g

b et w e e n a b o ut – 1. 4 a n d – 1. 5 V, o nl y sli g htl y s m all er i n m a g nit u d e t h a n t h e – 1. 6 0 V m e as ur e d (i n

C H 2 Cl 2  s ol uti o n) f or t h e 1, 2, 3- 5- dit hi a di a z ol es.  S e c o n d, t h e r e d o x p ot e nti als ar e t u n a bl e t o a

m u c h l ar g er d e gr e e t h a n i n t h e dit hi a di a z ol es.  O v er a si mil ar r a n g e of p ar a  ar yl s u bstit u e nts

(fr o m t h e str o n gl y el e ctr o n wit h dr a wi n g N O2  t o t h e p ot e nt d o n or C H3 O, t h e r a n g e is 0. 3 7 V,

w h er e as f or t h e s a m e r a n g e of s u bstit u e nts, t h e dit hi atri a zi n es ar e t u n a bl e b y o nl y 0. 1 V.

I ns ert Fi g. 8 h er e

A n i m p ort a nt diff er e n c e b et w e e n t h e dit hi atri a zi n e a n d all t h e fi v e- m e m b er e d t hi a z yl ri n g

s yst e ms dis c uss e d a b o v e is t h at t h e s ol uti o n el e ctr o c h e mistr y cl e arl y e vi d e n c es t h e f or m ati o n of
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di m ers i n s ol uti o n.  C o nsi d er Fi g. 8, w hi c h s h o ws t h e s e q u e nti al C V’s w h e n i n a si n gl e

e x p eri m e nt, pr o gr essi v el y m or e r a di c al- di m er 1 3 7  w as a d d e d t o t h e el e ctr ol yt e s ol uti o n usi n g a

si d e- ar m a d diti o n t e c h ni q u e u n d er v a c u u m.  At e xtr e m el y l o w c o n c e ntr ati o ns o nl y t h e t w o o ut er

w a v es, e a c h r e v ersi bl e (t h o u g h dist or e d b y t h e e xtr e m e dil uti o n), ar e o bs er v e d, b ut at

i nt er m e di at e c o n c e ntr ati o n t h er e ar e t w o p e a ks of a p pr o xi m at el y e q u al h ei g ht.  At hi g h er

c o n c e ntr ati o n, t h e o nl y p e a ks o bs er v e d ar e t h e i n n er p air, a n d t h e r e v ersi bilit y of t h e – 1/ 0 pr o c ess

is c o m pr o mis e d [ 8 9].

W e i nt er pr et t h es e r es ults as b ei n g d u e t o e q uili bri u m i n s ol uti o n b et w e e n t h e r a di c al

m o n o m er a n d t h e di m er.  T his h as b e e n i n d e p e n d e ntl y s u bst a nti at e d b y q u a ntit ati v e E P R

m e as ur e m e nt [ 1 0 5].  T h e i d e ntifi c ati o n of t h e l o w- c o n c e ntr ati o n li miti n g v olt a m m o gr a m wit h

t h at of t h e m o n o m er i n s ol uti o n w as c o nfir m e d i n a s e p ar at e e x p eri m e nt i n w hi c h [ 3, 5- P h2 -

1, 2, 4, 6- C 2 N 3 S 2 ][ P F6 ] w as us e d as t h e st arti n g p oi nt f or t h e el e ctr o c h e mistr y, i. e. a s alt of t h e 6π -

el e ctr o n c ati o n of 1 3 7  [ 8 9].  Alt h o u g h t h e s alt d o es n ot all o w f or o bs er v ati o n of a r e v ersi bl e – 1/ 0

pr o c ess (li k el y d u e t o a c o m pr o p orti o n ati o n r e a cti o n) t h e i d e ntit y of b ot h pr o c ess es c a n b e

c o nfir m e d, a n d t h e 0/ + 1 pr o c ess is i n f a ct i d e nti c al t o t h at o bs er v e d i n Fi g. 8 a.  T h e d at a i n T a bl e

9 f or 1 3 6  a n d 1 3 9  ar e t a k e n fr o m t h e o ut er li n es of d o u bl e- p e a k d at a; i. e. t h e ori gi n al C V's

r es e m bl e d Fi g. 8 b.

T h e ot h er n ot e w ort h y e ntr y i n T a bl e 9 is t h e P( V) a n al o g u e t o t h e or g a ni c t hi atri a zi n es, 1 4 5 .

T h e m e as ur e d p ot e nti al ( al b eit b y p ol ar o gr a p h y i n a c et o nitril e s ol uti o n) f or t h e 0/ + 1 pr o c ess i n

t his ri n g c o m p o u n d is f o u n d t o b e m u c h m or e c at h o di c ( a b o ut 2 v olts, a h u g e diff er e n c e).  It w as

n ot cl e ar fr o m r ef. [ 5 9] e x a ctl y w hi c h c o m p o u n d w as m e as ur e d i n t his e x p eri m e nt, a n d t his

s yst e m b e ars a c ar ef ul r ei n v esti g ati o n.  W e n ot e t h at t h e fr e e r a di c al c orr es p o n di n g t o t h e
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r e d u cti o n of t h e c ati o ni c c o m p o u n d h as b e e n pr e p ar e d c h e mi c all y a n d c h ar a ct eri z e d b y E P R

s p e ctr os c o p y [ 1 0 6].

5. 2  Dit hi atri a zi n es

T h e dit hi atri a zi n e ri n g s yst e m is a n e x a m pl e of a n 8 π - el e ctr o n c o m p o u n d.  It is c o n c ei v a bl e

t h at it c o ul d b e o xi di z e d t o a 7π - el e ctr o n r a di c al c ati o n, a n d h e n c e is c o n c ei v a bl e as a n RI C

c o m p o n e nt.  H o w e v er, i n t h e o n e p u blis h e d st u d y o n 1 4 6  ( T a bl e 1 0), it a p p e ars t h at t h e 0/ + 1

pr o c ess is a ct u all y l ess a c c essi bl e t h a n t h e – 1/ 0 pr o c ess [ 4 1].  I n r etr os p e ct, t his m a y n ot b e t o o

s ur prisi n g, gi v e n t h e f a ct t h at t h e cl os el y r el at e d S 3 N 3
– , 1 3 , is a st a bl e c o m p o u n d, a n d t h e – 1/ 0

pr o c ess w as m e as ur e d at + 0. 1 7 V f or 1 3  i n t h e s a m e s ol v e nt [ 5 5].  T h e e xtr e m e i ns ol u bilit y of

ar yl dit hi atri a zi n es is a c o m pli c ati n g f a ct or i n tr yi n g t o o bt ai n c o n vi n ci n g el e ctr o c h e mi c al d at a o n

t his s yst e m, a n d it is cl e ar fr o m N M R d at a t h at t h e y diss ol v e as i nt a ct S--- S b o n d e d di a m a g n eti c

di m ers, w hi c h will f urt h er c o m pli c at e t h e el e ctr o c h e mi c al a n al ysis [ 1 0 7].

T h e r e d o x pr o c ess es f or t his s yst e m ar e s h o w n b el o w:

+ 1 e -

- 1 e-

+ 1 e -

- 1 e-
.+

N

N S

N
S

R -
N

N S

N
S

R
N

N S

N
S

R

π - H O M O i n C 2 v π - L U M O i n C 2 v

St arti n g fr o m t h e n e utr al f or m, a n el e ctr o n m a y b e r e m o v e d fr o m t h e π - H O M O, or a d d e d t o t h e

π - L U M O.  Alt h o u g h it m a y s e e m o d d t o a d d a n a d diti o n al el e cti o n t o a s yst e m t h at is f or m all y a n

8 π  a nti- ar o m ati c h et er o c y cl e, it s h o ul d b e n ot e d t h at t h e S3 N 3  r a di c al is 9π  [ 1 0 8], a n d t h e st a bl e

S 3 N 3
–  a ni o n is 1 0π  [ 5 6, 1 0 9].
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B y c o ntr ast, t h e P( V) a n al o g u e 1 4 7  is e xtr e m el y s ol u bl e, a n d is m o n o m eri c i n s ol uti o n.  T h e

S( VI) a ni o n 1 4 8  is als o a n is o el e ctr o ni c 8π - el e ctr o n ri n g s yst e m.  T h e s e q u e n c e of r e d o x

p ot e nti als f or t h e c o m m o n – 1/ 0 pr o c ess f or t h e t hr e e ri n g s yst e ms li es i n t h e or d er E = O 2 S
–  <

P h C < P h 2 P.  T his is n ot t h at e x p e ct e d b as e d o n t h e or d er of el e ctr o n e g ati vit y.  F urt h er a n al ysis

of t his s yst e m s h o ul d a w ait t h e r e- d et er mi n ati o n of t h e el e ctr o c h e mi c al d at a u n d er c ar ef ull y

c o m p ar a bl e c o n diti o ns.  T h e i ns ol u bilit y of 1 4 6  m a y b e o v er c o m e, at l e ast p arti all y, b y c ar ef ul

c h oi c e of s u bstit u e nt i n its d eri v ati v e c h e mistr y [ 1 0 7].

6. S e v e n- m e m b e r e d ri n g s yst e ms

T h e o nl y s e v e n- m e m b er e d ri n gs st u di e d el e ctr o c h e mi c all y t o o ur k n o wl e d g e ar e t w o

e x a m pl es of t h e trit hi a di a z e pi n e s yst e m, f or w hi c h d at a is c oll e ct e d i n T a bl e 1 1.  T his is a 1 0 π -

el e ctr o n ri n g s yst e m, a n d t h us di a m a g n eti c i n t h e n e utr al st at e. T h e r e d o x pr o c ess es a nti ci p at e d

f or t his ar o m ati c ri n g s yst e m ar e:

+ 1 e -

- 1 e-
+ 1 e -

- 1 e-
+ S

NS

NS

R

R

-S

NS

NS

R

R

S

NS

NS

R

R

π - H O M O π - L U M O 

T h us t h e 0/ + 1 pr o c ess i n v ol v es r e m o v al of el e ctr o ns fr o m t h e π - H O M O, w hil e t h e – 1/ 0 pr o c ess

i n v ol v es a d diti o n of el e ctr o ns t o t h e π - L U M O.

I n vi e w of t h e s y nt h eti c r o ut es us e d t o pr e p ar e t h es e c o m p o u n ds, s e v er al ot h er e x a m pl es

s h o ul d b e c a p a bl e of b ei n g pr e p ar e d a n d st u di e d el e ctr o c h e mi c all y.  F urt h er a n al ysis of t his

i nt er esti n g ri n g s yst e m s h o ul d a w ait t h e c oll e cti o n of m or e d at a.  W e n ot e f or n o w t h at 1 5 0  h as

a n e xtr e m el y hi g h E c ell , c o nsist e nt wit h its d es cri pti o n as a f ull y ar o m ati c ri n g s yst e m.  T h e dr o p
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i n Ec ell  i n t h e ri n g f us e d a n al o g u e 1 5 1  is si mil ar t o t h e dr o p s e e m b et w e e n b e n z e n e a n d

n a p ht h al e n e, or n a p ht h al e n e a n d a nt hr a c e n e, attri b ut a bl e t o a l o w eri n g of t h e H O M O- L U M O g a p

as c o nj u g ati o n is e xt e n d e d.  I n d e e d, it w o ul d a p p e ar t h at t h e E c ell  of 1 5 1  is si mil ar t o t h at of

a nt hr a c e n e.  T h e cl os est ri n g s yst e ms t o c o m p ar e t h es e c o m p o u n ds t o ar e t h e 8- m e m b er e d, 1 0 π -

el e ctr o n dit hi at etr a z o ci n es t o b e c o nsi d er e d n e xt.

7.  Ei g ht- m e m b e r e d ri n g s yst e ms

T h e dit hi at etr a z o ci n e ri n g s yst e m is a n e x a m pl e of a 1 0 π - el e ctr o n ri n g s yst e m, h e n c e

di a m a g n eti c a n d n ot p arti c ul arl y of i nt er est i n t h e d esi g n of m ol e c ul ar m et als.  It d o es, h o w e v er,

pr es e nt a n i nt er esti n g t est c as e f or r e d o x t u n a bilit y t hr o u g h ar o m ati c c ar b o c y cli c s u bstit u e nts.

T h e r e d o x pr o c ess es, a n d t h e t w o r e d o x- a cti v e or bit als i n v ol v e d ar e d e pi ct e d b el o w:

N
S

N
S

N

N
R R+

N
S

N
S

N

N

R R-
N

S

N
S

N

N

R R
+ 1 e -

- 1 e-

+ 1 e -

- 1 e-

π - H O M O π - L U M O 

A g ai n, t h e 0/ + 1 pr o c ess i n v ol v es r e m o v al of el e ctr o ns fr o m t h e π - H O M O, w hil e t h e – 1/ 0 pr o c ess

i n v ol v es a d diti o n of el e ctr o ns t o t h e π - L U M O.

W e n o w c o m p ar e t h e p ot e nti als f o u n d f or t h e r e d o x pr o c ess es ( T a bl e 1 2).  T h e – 1/ 0 pr o c ess

is f o u n d t o v ar y v er y littl e f or t h e s u bstit ut e d ar yl d eri v ati v es 1 5 2  - 1 5 7 , b ei n g f o u n d b et w e e n –

0. 9 a n d – 1. 0 V f or all t h es e s p e ci es i n m et h yl e n e c hl ori d e s ol uti o n [ 3 1]. St arti n g wit h t h e n e utr al

c o m p o u n d t his pr o c ess i n v ol v es p o p ul ati o n of t h e π - L U M O, a n d t h e o bs er v ati o n of littl e r e d o x

t u ni n g is f ull y c o nsist e nt wit h t h e pr es e n c e of n o d es at C i n t his M O.
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O n t h e ot h er h a n d, t h e p ot e nti als f or t h e 0/ + 1 pr o c ess v ar y s yst e m ati c all y wit h t h e r e m ot e

s u bstit u e nt, fr o m + 1. 5 0 V f or t h e d o n or s u bstit u e nt C H 3 O t o + 2. 0 0 V f or t h e wit h dr a wi n g

s u bstit u e nt C F 3 .  Si n c e t his pr o c ess i n v ol v es r e m o vi n g a n el e ctr o n fr o m t h e π - H O M O of t h e

m ol e c ul e, a n or bit al wit h a l ar g e c o effi ci e nt at C, it is t o b e e x p e ct e d t h at t h e c ar b o c y cl e s h o ul d

m e di at e a l ar g e i nfl u e n c e of t h e s u bstit u e nt o n t h e r e d o x p ot e nti als.  C o nsist e n wit h o n e fi x e d a n d

o n e v ar yi n g r e d o x p ot e nti al, t h e " E c ell " f or t his ri n g s yst e m ( a ct u all y a st a bilit y wi n d o w f or t h e

n e utr al f or m) v ari es gr e atl y fr o m 2. 4 5 t o 2. 9 1 V.

T h e el e ctr o c h e mi c al d at a f or t h e b e nt ri n g s yst e m 1 5 9  ar e r e m ar k a bl y si mil ar t o t h e pl a n ar

ar o m ati c ri n g c o m p o u n ds 1 5 2  – 1 5 8 [ 3 1].  H o w e v er, it h as b ot h t h e 0/ + 1 a n d – 1/ 0 pr o c ess es

s hift e d t o m or e c at h o di c v al u es b y al m ost 0. 4 V.  C o m p o u n d 1 5 9  c a n b e c o m p ar e d wit h t h e P( V)

a n al o g u e 1 6 0 , f or w hi c h t h e – 1/ 0 c o u pl e w as m e as ur e d at – 1. 3 7 V b y c y cli c v olt a m m etr y [ 1 1 0];

it w o ul d b e i nt er esti n g t o m e as ur e t his c o m p o u n d i n m et h yl e n e c hl ori d e t o all o w dir e ct

c o m p aris o n wit h 1 5 9 .  T his st u d y als o r e p orts c h e mi c al e vi d e n c e f or t h e e xist e n c e of t h e di- a ni o n

of 1 6 0 , o bs er v e d as a n i nt er m e di at e b y t h e s u p er- h y dri d e r e d u cti o n of 1 6 0 , w hi c h g o es o n t o r e a ct

wit h m et al h ali d es t o f or m c o m pl e x es f or m all y d eri v e d fr o m t h e di a ni o n. T h e r a di c al a ni o n of

1 6 0  w as s h o w n t o b e u nst a bl e i n a c et o nitril e [ 1 1 0].  T h e c h e mi c al r esist a n c e t o o xi d ati o n of 1 6 0

is r efl e ct e d i n t h e el e ctr o c h e mistr y b y t h e a bs e n c e of a f a cil e o xi d ati o n pr o c ess, u nli k e w h at is

o bs er v e d f or 1 5 9 , b ot h el e ctr o c h e mi c all y a n d c h e mi c all y [ 1 1 1].

8.  Mis c ell a n e o u s r e d o x- a cti v e h et e r o c y cl es

I n T a bl e 1 3 w e h a v e c oll e ct e d s o m e i nt er esti n g e x a m pl es of r e d o x- a cti v e h et er o c y cl es t h at d o

n ot fit t h e cl assifi c ati o ns est a blis h e d a b o v e.  C o m p o u n d 1 6 1  w as dis c o v er e d b y a c ci d e nt fr o m t h e

r e a cti o n of el e m e nt al s ulf ur wit h 1- m et h yli mi d a z ol e [ 1 1 2].  It is r e m ar k a bl e i n s h o wi n g t w o

r e v ersi bl e r e d u cti o ns d es pit e t h e pr es e n c e of a n N – H pr ot o n o n b ot h ri n gs.  T h e r el ati v el y s m all
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E c ell  a n d t h e l o w r a n g e of t h e p ot e nti als f or t h e – 1/ 0 a n d – 2/ – 1 r e d o x c o u pl es s u g g est t h at t his

c o m p o u n d is w ort h y of f urt h er i n v esti g ati o n f or s oli d-st at e c o n d u ct ors, w h er e it c o ul d a ct as a n

el e ctr o n a c c e pt or.  N o att e m pts h a v e b e e n m a d e, t o o ur k n o wl e d g e, t o f or m C T s alts b et w e e n 1 6 1

a n d, f or e x a m pl e, T T F ( 3 ).

H et er o c y cl es 1 6 2  t o 1 6 4  ar e r el e v a nt t o t h e us e of or g a n os ulfi d es as el e ctr ol yt es f or s o di u m-

s ulf ur el e ctr o c h e mi c al st or a g e c ells [ 1 1 3].  T h e first t w o e x a m pl es - a C x S y  di k et o n e a n d

dit hi o k et o n e, r es p e cti v el y - h a v e e xtr e m el y s m all E c ell  v al u es, b ut t o d at e h a v e n ot b e e n us e d f or

C T s alt pr e p ar ati o n, w h er e t h e y c o ul d als o a ct as p ot e nt a c c e pt ors j ust li k e 1 6 1  [ 1 1 2].  T h e

di m er c a pt ot hi a di a z ol e 1 6 4  h as b e e n st u di e d as a p ossi bl e s oli d-r e d o x- p ol y m eri z ati o n el e ctr o d e

f or s o di u m- b as e d st or a g e c ells [ 1 1 4].  O n o xi d ati o n of t h e di- a ni o n of 1 6 4 , it s p o nt a n e o usl y

p ol y m eri z es wit h t h e f or m ati o n of dis ulfi d e b o n ds.  O n r e d u cti o n, t h es e b o n ds ar e o n c e a g ai n

br o k e n.  T h e i niti al o xi d ati o n o c c urs at – 0. 3 V, a n d t h e r e d u cti o n at – 1. 1 V.  T his r e pr es e nts

a n ot h er e x a m pl e of a EI- C R pr o c ess (s e e s e cti o n 4. 2 f or a d efi niti o n).  T h e el e ctr o c h e mi c al

e x p eri m e nt c a n b e m o difi e d t o pr o d u c e v ari o us oli g o m eri c s p e ci es i n s ol uti o n as w ell.

T h e 4 N  a n ul e n es 1 6 5  t o 1 7 3  h a v e b e e n t h e s u bj e ct of a c ar ef ul c o m p ar ati v e el e ctr o c h e mi c al

st u d y [ 1 1 5].  T h es e 8 π - el e ctr o n dit hi a zi n es ar e e x p e ct e d t o b e a bl e t o l os e el e ctr o ns t o gi v e

p ot e nti all y m or e st a bl e 7 π  r a di c al a ni o ns a n d 6π  di c ati o ns, t h e l att er b ei n g a H ü c k el π -s yst e m.

I n d e e d, m ost of t h es e c o m p o u n ds s h o w t w o 1- el e ctr o n o xi d ati o n st e ps.  T h e + 1/ + 2 c o u pl e, w h e n

o bs er v e d, is al w a ys f o u n d t o b e irr e v ersi bl e, w hi c h h as b e e n attri b ut e d t o a r a pi d

c o m pr o p orti o n ati o n r e a cti o n b et w e e n t h e s m all a m o u nt of di a ni o n a n d t h e b ul k n e utr al s p e ci es t o

f or m t w o m ol e c ul es of t h e r a di c al c ati o n [ 1 1 5].  A si mil ar eff e ct o p er at es f or dit hi a di a z ol es (s e e

a b o v e) [ 4 2].  N o att e m pt w as m a d e t o c h e mi c all y pr e p ar e t h e r a di c al c ati o ns a n d us e t h es e as t h e

b ul k m at eri al i n t h e el e ctr o c h e mi c al c ell, w hi c h is a n eff e cti v e w a y t o t est t h e
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c o m pr o p orti o n ati o n h y p ot h esis [ 2 8].  W e n ot e t h at t h e E c ell  v al u es f or t h es e c o m p o u n ds ar e

si g nifi c a ntl y s m all er t h a n o bs er v e d f or t h e fi v e a n d si x- m e m b er e d ri n gs w hi c h st art as 6 π -

el e ctr o n c ati o ns a n d ar e t h e n r e d u c e d t o t h e n e utr al r a di c al a n d t h e m o n o- a ni o ns.  T h e v er y

a n o di c v al u es f or b ot h r e d o x c o u pl es is r e mi nis c e nt of t h e d at a f or t h e 8 π - dit hi a z ol es list e d i n

T a bl e 6.  I n c o ntr ast t o t h e a nti- ar o m ati c u ns at ur at e d c o m p o u n ds,  t h e el e ctr o c h e mistr y of t h e

s at ur at e d a n al o g u e 1 7 4  d o es n ot s h o w a r e v ersi bl e 0/ + 1 c o u pl e; i n d e e d t h e C V h as all t h e

h all m ar ks of a n el e ctr o c h e mi c all y irr e v ersi bl e, b ut c h e mi c all y r e v ersi bl e pr o c ess.  O xi d ati o n of

o n e of t h e s ulf ur at o ms i n t his ri n g m a y w ell i n d u c e a str u ct ur al c h a n g e wit h t h e f or m ati o n of a

S – S b o n d a cr oss t h e ri n g, or s o m et hi n g al o n g t h os e li n es [ 9 2].

 H et er o c y cl es 1 7 7  a n d 1 7 8  ar e i nt er esti n g e x a m pl es of a str at e g y t h at tri es t o i n c or p or at e b ot h

a d o n or a n d a n a c c e pt or sit e wit hi n a si n gl e or g a ni c s m all m ol e c ul e [ 1 1 6].  T h e y c a n b e t h o u g ht

of as f usi o ns of t h e d o n or h et er o c y cl es 1 7 5  a n d 1 7 6  wit h t h e a c c e pt or 1 7 9 , w hi c h is a T C N Q

a n al o g u e.  I n d e e d, t h e el e ctr o c h e mi c al d at a f or t h e mi x e d c o m p o u n ds ar e i n d e e d o xi di z e d at

p ot e nti als c o m p ar a bl e t o t h os e of 1 7 5  a n d 1 7 6 , a n d r e d u c e d at p ot e nti als ( – 1/ 0 pr o c ess) si mil ar t o

t h at of 1 7 9 .  T h e c h e mistr y of c o m p osit e d o n or- a c c e pt or h et er o c y cl es h as r e c e ntl y b e e n r e vi e w e d

[ 7 0].  T hi a nt hr e n e, 1 8 0 , is a l o n g- k n o w n s ulf ur- c o nt ai ni n g ar o m ati c d y e.  It h as b e e n s h o w n t h at

o xi di zi n g t his n e utr al 4 N  a n ul e n e t o t h e + 1 st at e c a us es t h e m ol e c ul e t o pl a n ari z e [ 1 1 7].  T h e

esti m at e d E c ell  f or t his ri n g is o nl y a b o ut 0. 3 5 V.  I n s u m m ar y, h et er o c y cl es c o nt ai ni n g o nl y C a n d

S d e m o nstr at e si g nifi c a ntl y l o w er E c ell  v al u es t h a n all t h e c o m p o u n ds i n t his r e vi e w t h at

i n c or p or at e b ot h s ulf ur a n d nitr o g e n.  H o w e v er, s u c h c o m p o u n ds oft e n s uff er fr o m a t e n d e n c y t o

f or m str o n g (t h o u g h r e v ersi bl e) C – C b o n d e d di m ers a n d oli g o m ers, w h er e as t h e t hi a z yl ri n gs

f or m o nl y w e a kl y b o u n d di m ers i n t h e s oli d st at e w hi c h ar e r e v ersi bl e o n diss ol vi n g.
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9. Metallacycles

 We have collected the electrochemical data for metallacycles incorporating several Group 15

and/or Group 16 elements into the single Table 14.  The metallacycles differ greatly from the

main-group derivatives, as well as from each other.  It has been argued that for some, such as 181

- 199, there is a high degree of metal-ring covalence, while in others such as 210 and 211 the

redox chemistry seems to be primarily metal-centred.  In fact for all these systems the metals and

their d-orbital electrons play an extremely important role in the observed electrochemistry.

For example, in 181 and 182, which are the only examples of numerous S2N2 and S2N2H

complexes that have been studied by electrochemistry, the influence of the Cp and Cp* rings on

the redox potentials are extremely similar to that observed in the related metallocenes.  Indeed

the electron-donating effect of the five methyl groups on the Cp ring of 182 is completely

sufficient to explain the 0.35 V more cathodic reduction potential of the latter [32].  We note that

these compounds are organometallic analogues to the 1,3,2,4-dithiadiazoles (Table 8).  Unlike

the carbocyclic analogues, the reduced forms of 181 and 182 do not seem to be susceptible to

isomerism to the 1,2,3,5- form.  These metallacycles can be compared to 183 and to the nitrogen-

containing metallacyclotetrazoles 184 - 188, and to the metalladithiolenes 189 - 193.  At the time

of our investigation of 181 and 182, there was no well-established series of redox potentials for

CpCo dithiolenes to compare our results to.  This deficiency has been alleviated by an excellent

electrochemical study of a whole series of systematically related dithiolene compounds [118].

Thus the potentials for the –1/0 couples of 181 and 189 are extremely comparable. 182, 183, and

193 form an interesting series, and suggest that ‘PhC’ is a non-innocent substituent on

metallacycles of this type.  The dithiolene complexes demonstrate the expected trend on
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substitution of H for R groups depending on whether these are electron withdrawing (191, 192)

or electron releasing (190).

The bifunctional complexes 194 to 198 provide electrochemical evidence for strong

electronic coupling between the rings, thus supporting the idea that the redox processes involve

the ring atoms and not just cobalt.  The Ecell values for these compounds are very small,

suggesting that they may be of utility in the design of conducting molecular solids.  We note,

however, that both redox processes are very cathodic even with Cp rather than Cp* coordinated

to the metal; also as radical anions these would have to act as n-type rather than the more

common p-type metals (such as TTF+).

The electrochemistry of the ortho-thiopyridine complexes 200 – 203 seem to be essentially

metal-based processes, in which M(IV) is converted to M(V).  The cyclic compounds 200 and

202 are almost 1V harder to oxidize than the corresponding thiolato complexes.  The authors do

not report any calculations that might shed light on the origin of this large change[119].

Complexes 204 - 209 are metallacyclic derivatives of the 1,2,3,5-dithiadiazoles 86, 94 and

97.  They are of interest in that some are radicals (207 - 209), while others have abstracted a

proton in order to achieve a diamagnetic "18-electron" configuration.  This behaviour reflects the

general tendency of, for example, electron-rich organometallic nickel complexes to be stable

(especially as clusters), while iron organometallics have a strong tendency to obey the 18-

electron rule [33].  We note that the Ecell of the nickel cluster 207 is 1.24 V, whereas that for the

parent ring compound 86 it is 1.43 V.  Although not a dramatic change, it is in the right direction.

This encouraging result suggests that organometallic derivatives of free radical Group 15/16

heterocycles deserve further study for the preparation of interesting molecular conductors.  Their
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a p pli c a bilit y t o m ol e c ul ar m a g n et d esi g n ( of w hi c h t h e k n o w n e x a m pl es i n cl u d e m a n y m et al

c o m pl e x es) s h o ul d als o b e c o nsi d er e d [ 1 2 0].

T h e a n al o g o us Pt(II) c o m pl e x es 2 0 8  a n d 2 0 9  s e e ms t o h a v e r at h er dis p ar at e Ec ell  v al u es, t h e

f or m er b ei n g s m all er  t h a n t h e ni c k el c o m pl e x 2 0 7 , t h e l att er c o nsi d er a bl y l ar g er.  T h es e

i nt er esti n g r a di c al m et all a c y cl es b e ar f urt h er i n v esti g ati o n [ 1 2 1].

T h e r e d o x p ot e nti als of t h e m et all a dit hi atri a zi n es 2 1 0  a n d 2 1 1  h a v e b e e n e x pl ai n e d

c o n vi n ci n gl y b y a c o nsi d er ati o n of t h e d e gr e e of m et al- nitr o g e n m ulti pl e b o n di n g i n v ol v e d i n

t h es e ri n gs, b y c o m p aris o n wit h a n u m b er of ot h er m ol y b d e n u m a n d t u n gst e n c o m pl e x es [ 3 4].

W h er e as a π - el e ctr o n-ri c h dit hi atri a zi n e gr o u p w o ul d b e e x p e ct e d t o b e r e a dil y o xi di z e d, t h e

m et all a c y cl es ar e n ot o xi di z e d el e ctr o c h e mi c all y t o t h e li mit of t h e s ol v e nt r a n g e ( C H 2 Cl 2 ).  T his

h as b e e n e x pl ai n e d as d u e t o str o n g d o n ati o n fr o m t h e 2 a 2  π * or bit al (t h e H O M O f or a n N 3 S 2
3 –

m oi et y) t o a n e m pt y m et al d - or bit al i n M o Cl4
2 + .

1 0.  C o n cl u si o n s a n d f u rt h e r w o r k

T h e d at a i n c or p or at e d i nt o t his r e vi e w f alls i nt o t w o br o a d cl ass es: t h os e w hi c h ar e t h e r es ult

of c ar ef ul c o m p ar ati v e st u di es, us u all y wit h a s eri es of c o m p o u n ds b e ari n g v ari a bl e s u bstit u e nts,

a n d t h os e t h at ar e t a k e n fr o m si n gl e m e as ur e m e nts c arri e d o ut i n is ol ati o n fr o m ot h er

el e ctr o c h e mi c al st u di es.  W e b eli e v e t h at t h e r es ults d e m o nstr at e t h e criti c al i m p ort a n c e of t h e

f or m er a p pr o a c h. M a n y Gr o u p 1 5/ 1 6 h et er o c y cl es ar e e xtr e m el y s e nsiti v e t o h y dr ol ysis, as w ell

as t o a eri al o xi d ati o n f or t h os e s p e ci es t h at ar e pr e p ar e d i n t h e r a di c al f or m.  T h er ef or e st u d yi n g a

s eri es of cl os el y r el at e d c o m p o u n ds is ess e nti al  i n or d er t o w e e d o ut f als e d at a c a us e d b y

p erf or mi n g g o o d el e ctr o c h e mi c al e x p eri m e nts o n p o or s a m pl es.   T hr o u g h o ut t h e r e vi e w, w e

h a v e i n di c at e d w h er e, i n o ur j u d g m e nt, a d diti o n al e x p eri m e nts or c ar ef ul r e- d et er mi n ati o n of

el e ctr o c h e mi c al d at a is w arr a nt e d.  W e h o p e t h e c o m m u nit y of r es e ar c h ers i n t his fi el d will
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agree, so that many of the gaps in our current understanding will soon be filled.  We sincerely

hope that the comprehensive data compiled in this review will serve as useful guideposts for the

continued development of Group 15/16 heterocyclic chemistry.
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Tables of electrochemical data

(these follow the figure captions in a separate electronic Section of the document)

Figure Captions

Fig. 1. Two cell designs for operation under vacuum or pressure, which allow the handling of

extremely air and moisture sensitive compounds.  (a) Design described first in Ref. [40],

which uses break-seal techniques.  The break-seals can be loaded in a Glove Box, and are

fused to the cell prior to rigorous vacuum drying and loading of electrolyte and solvent.

(b) Design utilizing swage-lock technology to produce a pressure- and vacuum proof cell.

Described in Ref. [39], with improvements to the reference electrode described in Ref.

[42].

Fig. 2. Steady-state cyclic voltammogram of 41 in MeCN containing Bu4NBF4 (0.2 M), scan rate

= 300 mV sec–1 (adapted from Ref. [73]).  The –1/0 process is electrochemically

irreversible but chemically reversible (EI-CR).

Fig. 3. Fully reversible redox couples in the CV occur for both the –1/0 and 0/+1 couples of (a)

the 1,2,3-dithiazole 59 and (b) the isomeric 1,3,2-dithiazole 72 (0.1 M Bu4PF6 in MeCN,

scan rate = 100 mV sec–1).  The former has a noticeably smaller Ecell value.  Adapted from

Ref [78].

Fig. 4. Comparative CV’s of four mono-functional 1,3,2-dithiazoles, showing the high degree of

tuning that fused substituents have on the redox potentials.  There is much less variation
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in the Ecell values, however, as both the (irreversible) –1/0 and (reversible) 0/+1 processes

are shifted by about the same amount. Adapted from Ref [13].

Fig. 5. In the large, spherical C60, which is not expected to have strong overlap with

neighbouring molecules, six reversible reduction steps can be observed in (a) the CV, and

(b) the differential pulse voltammogram, starting from the neutral molecule. Adapted

from Ref [97].

Fig. 6. CV of the 1,3,2,4-dithiadiazole 110 as its AsF6
– salt recorded at –10°C in MeCN

containing 0.1 M nBu4NBF4.  The asterisk marks the onset of peaks due to the isomerized

1,2,3,5-dithiadiazole radical 86. Adapted from Ref [42].

Fig. 7. CV of the mixed-isomer dithiadiazole 133 as its bis AsF6
– salt recorded at –10°C in

MeCN containing 0.1 M Bu4BF4. Adapted from Ref [122].

Fig. 8. Cyclic voltammograms for 3,5-diphenyl-1,2,4,6-thiatriazinyl in CH2Cl2 solution (0.1 M

Bu4NPF6).   (a) At extremely low concentration, a (distorted) CV shows the 0/+1 and –

1/0 processes for the monomeric radical 137.  (b) At intermediate concentration, an

undistorted CV has waves for both the monomeric radical and its dimer.  (c) At a higher

concentration the CV is dominated by signals due to the dimer [89].
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T a bl e 1.

B e n c h m ar k el e ctr o c h e mi c al d at a

C o m p o u n d Pr o c ess a P ot e nti als ( V) b C o m m e nts c
 E c ell 
( V) d

E x p eri m e nt al d et ails e R ef.

1

– 1/ 0
0/ + 1

– 2. 5 0
+ 1. 5 4

4. 0 4 P - D M E - M e C N - Pr 4 N Cl O 4  - S C E
P - R P E - M e C N - Pr 4 N Cl O 4  - S C E

[ 4 3]

2

– 1/ 0
0/ + 1

– 2. 0 0
+ 0. 7 3

R at R T 2. 7 3  C V - Pt - D M F - B u 4 N Cl O 4  – S C E
C V – Pt – C H 2 Cl 2  – B u4 N B F 4 - S C E

[ 4 4]

S

S S

S

3

0/ + 1
+ 1/ + 2

+ 0. 3 3
+ 0. 7 0

R at R T 0. 3 7  C V - Pt - M e C N - f - S C E [ 1 7]

0/ + 1
+ 1/ + 2

+ 0. 3 7
+ 0. 6 7

R at R T 0. 3 0  C V - G C - C H 2 Cl 2  - B u4 N Cl O 4  - S C E [ 4 5]

C N

C NN C

N C

4

– 2/ – 1
– 1/ 0

– 0. 3 7
+ 0. 1 8

R at R T 0. 5 5  C V - Pt - M e C N - B u 4 N B F 4  - S C E g [ 1 8]

N
H

5

0/ + 1 1. 2 p a I R d u e t o
p ol y m eri z ati o n

C V - Pt - M e C N - B u 4 N P F 6  - S C E [ 1 2 3, 1 2 4]

N
H 0/ + 1 1. 2 6 p a I R d u e t o

p ol y m eri z ati o n
C V - Pt - M e C N - B u 4 N B F 4  - S C E [ 1 2 5]
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6

S

7

0/ + 1 2. 0 6 p a I R d u e t o
p ol y m eri z ati o n

C V - Pt - M e C N - T E A P - A g/ A g + [ 1 2 6, 1 2 7]

S
S

8

0/ + 1 1. 3 2 p a I R d u e t o
p ol y m eri z ati o n

P - D M E - M e C N - Et 4 N Cl O 4  -
A g/ A g +

[ 1 2 6, 1 2 7]

S

9

0/ + 1 1. 7 5 p a I R d u e t o
p ol y m eri z ati o n

C V - Pt - C H 2 Cl 2  - B u4 N B F 4  - S C E [ 1 2 5]

SSS
S S

1 0

0/ + 1
+ 1/ + 2

+ 0. 8 2 0
+ 1. 1 2 0

R at R T
R at R T

0. 3 0  C V - G C - C H 2 Cl 2  - Et4 N B F 4  - S C E h [ 1 2 8]

a  E x pr ess e d i n t er ms of t h e (r e v ersi bl e) r e d o x c o u pl es, st arti n g wit h t h e m ost n e g ati v e p ot e nti al i n a c c or d a n c e wit h c urr e nt I U PA C
r e c o m m e n d ati o ns.
b  E x pr ess e d as t h e h alf- w a v e p ot e nti al fr o m p ol ar o gr a p h y, or t h e diff er e n c e b et w e e n pc  a n d pa  fr o m c y cli c v olt a m m etr y, f or r e v ersi bl e
s yst e ms, u nl ess ot h er wis e n ot e d.
c  R = r e v ersi bl e; I R = irr e v ersi bl e; Q R = q u asi-r e v ersi bl e; ot h er c o m m e nts as r e q uir e d.
d   E c ell   =  E o x – E r e d ; c orr es p o n ds t o a dis pr o p orti o n ati o n e n er g y w h e n t h e c o n diti o ns of E q u ati o n 1 ar e s atisfi e d.
e   T e c h ni q u e ( P = p ol ar o gr a p h y, C V = c y cli c v olt a m m etr y, D P V = diff er e nti al p uls e v olt a m m etr y, A C V = a. c. v olt a m m etr y E L =
el e ctr ol ysis) – El e ctr o d e t y p e ( D M E = dr o p pi n g m er c ur y el e ctr o d e, R P E = r ot ati n g pl ati n u m el e ctr o d e, Pt = pl ati n u m, G C = gl ass y
c ar b o n) – s ol v e nt ( M e C N = a c et o nitril e, C H 2 Cl 2  = di c hl or o m et h a n e, D M F = di m et h ylf or m a mi d e, S O2  = s ulf ur di o xi d e) – El e ctr ol yt e -
R ef er e n c e el e ctr o d e s yst e m f or d at a (if t h e a ct u al r ef er e n c e el e ctr o d e us e d is diff er e nt fr o m t h e q u ot e d s yst e m, a n ot e is gi v e n i n t h e
f o ot n ot es.)
f El e ctr ol yt e n ot s p e cifi e d.
g  A g/ A g Cl us e d, c o n v ert e d t o S C E s c al e.
h S C E c ali br at e d a g ai nst e xt er n al F c/ F c +  usi n g + 0. 4 0 8 vs. S C E as t h e c o n v ersi o n f a ct or.
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T a bl e 2.

El e ctr o c h e mi c al d at a f or bi n ar y Gr o u p 1 5/ 1 6 c o m p o u n ds

C o m p o u n d Pr o c ess a P ot e nti al s
( V) b

C o m m e nts c
 E c ell 
( V) d

E x p eri m e nt al d et ails e R ef.

S

N S

N

1 1

– 1/ 0
0/ + 1

– 0. 8 5
+ 0. 1

c a . 1 0- 3 M  at 1 6. 5 ° C 0. 9 5  C V - Pt- M e C N - B u4 N B F 4  – S C E f [ 5 7]

S

N

N

S

N

S
N

S

1 2

– 1/ 0 – 0. 4 3  Q R at – 2 5 ° C; I R at R T  C V - Pt - M e C N - T E A P - A g/ A g + [ 5 8]

– 1/ – 2
– 1/ 0

– 2. 1 4
– 0. 9 4

W a v e i n cr. at l o w T.
Pr e- w a v e at – 0. 6 5 V.

P - D M E - M e C N - Et 4 N Cl O 4  - A g/ A g+ [ 5 4]

S

N
S

N

S
N

 

-P P N +

1 3

– 1/ 0 + 0. 1 7  R at R T ( E a – E p ) = 0. 0 8 V C V - Pt - C H 2 Cl 2  - B u4 N B F 4  - S C E [ 5 5]

    

S

N
S

N

S
N

 

-M e 4 N
+

– 1/ – 3 – 2. 4 5 5 pr o d u ct u nst a bl e P - D M E - M e C N - Et 4 N Cl O 4  - A g/ A g+ [ 5 4]

NS

S
N

NS
N

S N

S

 

+ X

1 4

0/ + 1

0/ + 1

+ 0. 1 9

+ 0. 0 6

X = B F 4
- Q R at – 1 8. 5 ° C

X = As F 6
-

C V - Pt - M e C N - B u 4 N B F 4  – S C E f

C V - Pt - M e C N - B u 4 N B F 4  – S C E f

[ 3 9]

[ 1 2 9]



Page 64

NS

S
N
NS

N
S N

S
 

+ FeCl4-

0/+1 +0.46 IR at all T CV - Pt - CH2Cl2 - Bu4NBF4 - SCE [60]

S
N N

S
N

S
N

S

N

 

-
PPN+

15

–3/–1
–1/0
0/+1

–2.105
–0.12

IR (also studied at RPE).
IR - product unstable.
Oxidation produces S5N6

P - DME - MeCN - Et4NClO4 - Ag/Ag+ [54]

S
N

S
N
S

N O

 
-PPN+

16

–3/–1 –1.53 IR P - DME - MeCN - Et4NClO4 - Ag/Ag+ [62]

S
N

S
N
S

N
O

O

 

-PPN+

17

–3/–1

–1/0

–1.63

–0.06

R (also studied on RPE
and by CV)

P - DME - MeCN - Et4NClO4 - Ag/Ag+ [62]

S
N N

S
N

S
N

S

N O

 

-
Bu4N+

18

–3/–1 –1.91 R (also studied on RPE
and by CV)

P - DME - MeCN - Et4NClO4 - Ag/Ag+ [62]

S
N

N

S N

S
NS

OO

19

reaction –0.28 IR P - DME - MeCN - Et4NClO4 - Ag/Ag+ [62]

a Expressed in terms of the (reversible) redox couples, starting with the most negative potential in accordance with current IUPAC
recommendations.
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b  E x pr ess e d as t h e h alf- w a v e p ot e nti al fr o m p ol ar o gr a p h y, or t h e diff er e n c e b et w e e n pc  a n d pa  fr o m c y cli c v olt a m m etr y, f or r e v ersi bl e
s yst e ms, u nl ess ot h er wis e n ot e d.
c  R = r e v ersi bl e; I R = irr e v ersi bl e; Q R = q u asi-r e v ersi bl e; ot h er c o m m e nts as r e q uir e d.
d   E c ell   =  E o x – E r e d ; c orr es p o n ds t o a dis pr o p orti o n ati o n e n er g y w h e n t h e c o n diti o ns of E q u ati o n 1 ar e s atisfi e d.
e   T e c h ni q u e ( P = p ol ar o gr a p h y, C V = c y cli c v olt a m m etr y, D P V = diff er e nti al p uls e v olt a m m etr y, A C V = a. c. v olt a m m etr y E L =
el e ctr ol ysis) – El e ctr o d e t y p e ( D M E = dr o p pi n g m er c ur y el e ctr o d e, R P E = r ot ati n g pl ati n u m el e ctr o d e, Pt = pl ati n u m, G C = gl ass y
c ar b o n) – s ol v e nt ( M e C N = a c et o nitril e, C H 2 Cl 2  = di c hl or o m et h a n e, D M F = di m et h ylf or m a mi d e, S O2  = s ulf ur di o xi d e) – El e ctr ol yt e -
R ef er e n c e el e ctr o d e s yst e m f or d at a (if t h e a ct u al r ef er e n c e el e ctr o d e us e d is diff er e nt fr o m t h e q u ot e d s yst e m, a n ot e is gi v e n i n t h e
f o ot n ot es.)
f A g/ A g +  r ef er e n c e el e ctr o d e c ali br at e d t o t h e S C E s c al e.
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T a bl e 3.

El e ctr o c h e mi c al d at a f or T hi a di a z ol es a n d S el e n a di a z ol es

C o m p o u n d Pr o c ess a P ot e nti al s
( V) b

C o m m e nts c
 E c ell   ( V) d E x p eri m e nt al d et ails e R ef.

N

S
N

2 0

2/ – 1
– 1/ 0
0/ + 1

– 2. 5
– 1. 5 1
+ 2. 2

I R at R T
R at R T

0. 9 9  C V - H g - M e C N - B u 4 N Cl O 4  – S C Ef

P - R P E - M e C N - Et 4 N Cl O 4
 - S C E

[ 1 3 0]

S
N

N

2 1

– 1/ 0 – 1. 6 4 C V - H g - M e C N - B u 4 N Cl O 4  - S C Ef [ 1 3 0]

N

S e
N

2 2

– 2/ – 1
– 1/ 0

– 2. 3
– 1. 3 8

I R at R T
R at R T

0. 9 2  C V - H g - M e C N - B u 4 N Cl O 4  - S C Ef [ 1 3 0]

N

S
N

2 3

– 2/ – 1
– 1/ 0

– 1. 9
– 1. 1 6

I R at R T
R at R T

0. 7 4  C V - H G - M e C N - B u 4 N Cl O 4  - S C Ef [ 1 3 0]

N

SN

2 4

– 2/ – 1
– 1/ 0

– 2. 5
– 1. 6 4

I R at R T
R at R T

0. 8 6  C V - Pt - M e C N - B u 4 N Cl O 4  - S C Ef [ 1 3 0]

N

N

N
S

N

2 5

– 1/ 0 – 0. 4 6  R T C V - Pt - M e C N - Et 4 N Cl O 4  - S C E [ 1 3 1]
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N

NN
S

N Cl

Cl

26

–1/0 –0.56 RT CV - Pt - MeCN - Et4NClO4 - SCE [131]

CNNC

CNNC

N
S

N

27

–2/–1
–1/0

–0.38
+0.12

RT
RT

0.30 CV - Pt - MeCN - Et4NClO4 - SCE [20]

CNNC

CNNC

N

N
Se

28

–1/0 +0.04 RT CV - Pt - MeCN - Et4NClO4 - SCE [67]

N
S

N

Me Me

NN
NC CN

29

–2/–1
–1/0

–0.55
–0.01

RT
RT

0.56 CV - Pt - MeCN - Et4NClO4 - SCE [20]

N
S

N

CNNC

CNNC

30

–2/–1
–1/0

–0.38
–0.21

RT 0.17 CV - Pt - MeCN - Et4NClO4 - SCE [68]
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N

N

N
S

N

CH3

CH3

31

0/+1
+1/+2

+0.15
+0.95

R at RT
IR at RT

0.80 CV - Pt - MeCN - Et4NClO4 - SCE [67]

N

N

N
S

N

CH3

CH3

32

0/+1
+1/+2

+0.54
+1.30

R at RT
IR at RT

0.76 CV - Pt - MeCN - Et4NClO4 - SCE [67]

N

N

N
S

N
O

O
33

–3/–2
–2/–1
–1/0

–1.44
–1.18
–0.25

Chemically
reversible
electrolysis

0.93
El - Pt - MeCN - Bu4NClO4 - SCE [69]

N

N

N
Se

N
O

O
34

–3/–2
–2/–1
–1/0

–1.35
–1.03
–0.20

Chemically
reversible
electrolysis

0.83
El - Pt - MeCN - Bu4NClO4 - SCE [69]

N

NN
S

N N
S

N

35

–2/–1
–1/0

–0.82
+0.10

RT
RT

0.92 CV - Pt - MeCN - Et4NClO4 - SCE [131]
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N
S

NN
S

N

CNNC

CNNC
36

–2/–1
–1/0

–0.49
–0.02

RT
RT

0.39 CV - Pt - MeCN - Et4NClO4 - SCE [20,68]

N
S

N
Br

Br

N
S

N

37

–2/–1
–1/0

–1.10
–0.35

R at RT
R at RT

0.75 CV - Pt - CH2Cl2- Bu4NClO4 - SCE [132]

N
S

NN
S

N

Ph

Ph
38

–2/–1
–1/0

–1.30
–0.61

R at RT
R at RT

0.69 CV - Pt - CH2Cl2- Bu4NClO4 - SCE [132]

N
S

NN
Se

N

Ph

Ph
39

–2/–1
–1/0

–1.21
–0.53

R at RT
R at RT

0.68 CV - Pt - CH2Cl2- Bu4NClO4 - SCE [132]

NS
N N

SN

40

–1/0 –1.45 R at RT CV - Pt - CH2Cl2- Bu4NClO4 - SCE [132]

a Expressed in terms of the (reversible) redox couples, starting with the most negative potential in accordance with current IUPAC
recommendations.
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b  E x pr ess e d as t h e h alf- w a v e p ot e nti al fr o m p ol ar o gr a p h y, or t h e diff er e n c e b et w e e n pc  a n d pa  fr o m c y cli c v olt a m m etr y, f or r e v ersi bl e
s yst e ms, u nl ess ot h er wis e n ot e d.
c  R = r e v ersi bl e; I R = irr e v ersi bl e; Q R = q u asi-r e v ersi bl e; ot h er c o m m e nts as r e q uir e d.
d  E c ell   =  E o x – E r e d ; c orr es p o n ds t o a dis pr o p orti o n ati o n e n er g y w h e n t h e c o n diti o ns of E q u ati o n 1 ar e s atisfi e d.
e   T e c h ni q u e ( P = p ol ar o gr a p h y, C V = c y cli c v olt a m m etr y, D P V = diff er e nti al p uls e v olt a m m etr y, A C V = a. c. v olt a m m etr y, E L =
el e ctr ol ysis) – El e ctr o d e t y p e ( D M E = dr o p pi n g m er c ur y el e ctr o d e, R P E = r ot ati n g pl ati n u m el e ctr o d e, Pt = pl ati n u m, G C = gl ass y
c ar b o n) – s ol v e nt ( M e C N = a c et o nitril e, C H 2 Cl 2  = di c hl or o m et h a n e, D M F = di m et h ylf or m a mi d e, S O2  = s ulf ur di o xi d e) – El e ctr ol yt e -
R ef er e n c e el e ctr o d e s yst e m f or d at a (if t h e a ct u al r ef er e n c e el e ctr o d e us e d is diff er e nt fr o m t h e q u ot e d s yst e m, a n ot e is gi v e n i n t h e
f o ot n ot es.)
f Als o d et er mi n e d b y A C V at a st ati o n ar y H g dr o p.
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T a bl e 4.

El e ctr o c h e mi c al d at a f or Dit hi ol e Ri n gs

C o m p o u n d Pr o c ess a P ot e nti als ( V) b C o m m e nts c
 E c ell 
( V) d

E x p eri m e nt al d et ails e R ef.

SS

P h P h

+ Cl O 4
-

4 1

– 1/ 0
0/ + 1

– 1. 1 4 p c

– 0. 1 3 5
I R at R T
R at R T

0. 9 7  C V - Pt - C H 2 Cl 2  - B u4 N B F 4  - S C E [ 7 3]

– 2/ – 1
– 1/ 0
0/ + 1

– 1. 7 0
– 1. 0 7/ – 0. 3 5 p a / pc
– 0. 2 3 5

R at R T
I R b ut c h e mi c all y r e v
R at R T

0. 8 0
C V - Pt - M e C N - B u 4 N B F 4  - S C E [ 7 3, 1 3 3]

+
SS

p- A nP h

Cl O 4
-

4 2

– 1/ 0
0/ + 1

– 0. 9 6 p c

– 0. 2 0 5
I R at R T
R at R T

0. 7 2  C V - Pt - C H 2 Cl 2  - B u4 N B F 4  - S C E [ 7 3]

– 2/ – 1
– 1/ 0
0/ + 1

– 1. 6 8
– 1. 1 5/ – 0. 4 2 p a / pc
– 0. 2 9

R at R T
I R b ut c h e mi c all y r e v
R at R T

0. 8 3
C V - Pt - M e C N - B u 4 N B F 4  - S C E [ 7 3]

+
SS

P- T olP h

Cl O 4
-

4 3

– 1/ 0
0/ + 1

– 1. 2 5 p c

– 0. 1 6 5
I R at R T
R at R T

1. 0 5  C V - Pt - C H 2 Cl 2  - B u4 N B F 4  - S C E [ 7 3]

– 2/ – 1
– 1/ 0
0/ + 1

– 1. 6 8
– 1. 1 9/ – 0. 4 0 p a / pc
– 0. 2 6

R at R T
I R b ut c h e mi c all y r e v
R at R T

0. 8 9
C V - Pt - M e C N - B u 4 N B F 4  - S C E [ 7 3]

+
SS

P- Br P hP h

Cl O 4
-

4 4

– 1/ 0
0/ + 1

– 1. 1 0 p c

– 0. 1 0
I R at R T
R at R T

0. 9 7  C V - Pt - C H 2 Cl 2  - B u4 N B F 4  - S C E [ 7 3]

– 2/ – 1
– 1/ 0
0/ + 1

– 1. 5 1
– 0. 9 4/ – 0. 3 0 p a / pc
– 0. 1 6

R at R T
I R b ut c h e mi c all y r e v
R at R T

0. 7 5
C V - Pt - M e C N - B u 4 N B F 4  - S C E [ 7 3]
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+ SS

p-AnAn-p
ClO4

-

45

–1/0
0/+1

–1.01 pc
–0.265

IR at RT
R at RT

0.71 CV - Pt - CH2Cl2 - Bu4NBF4 - SCE [73]

–2/–1
–1/0
0/+1

–1.69
–1.27/–0.45 pa/pc
–0.35

R at RT
IR but chemically rev
R at RT

0.89
CV - Pt - MeCN - Bu4NBF4 - SCE [73]

+ SS

MePh
ClO4

-

46

0/+1 –0.26 pc IR at RT; dimerizes on
reduction

CV - Pt - CH2Cl2 - Bu4NBF4 - SCE [73]

+ SS

p-DMAPhAn-p
ClO4

-

47

–1/0
0/+1

–1.04 pc
–0.42

IR at RT
R at RT

0.58 CV - Pt - CH2Cl2 - Bu4NBF4 - SCE [73]

+ SS

p-TolTol-p
ClO4

-

48

–1/0
0/+1

–1.28 pc
–0.20

IR at RT
R at RT

1.05 CV - Pt - CH2Cl2 - Bu4NBF4 - SCE [73]

+ SS

t-BuBu-t
ClO4

-

49

0/+1 –0.575 R at RT CV - Pt - CH2Cl2 - Bu4NBF4 - SCE [73]

0/+1 –0.61 R at RT CV - Pt - MeCN - Bu4NBF4 - SCE [73]
+ SS

MeMe
ClO4

-

50

0/+1 –0.53 pc IR at RT CV - Pt - CH2Cl2 - Bu4NBF4 - SCE [73]

SS

51

–2/–1
–1/0
0/+1

–2.65
–0.98
+0.95

R at RT
R at RT

1.93
P - DME - MeCN - Pr4NClO4 – SCEf [43]



P a g e 7 3

S S
+

P F 6
-

5 2

– 2/ – 1
– 1/ 0
0/ + 1

– 1. 5 5
– 0. 7 7
– 0. 2 2

Q R at R T
R at R T
R at R T

0. 5 5
C V - Pt - M e C N - B u 4 N B F 4  - S C E g [ 7 5]

a  E x pr ess e d i n t er ms of t h e (r e v ersi bl e) r e d o x c o u pl es, st arti n g wit h t h e m ost n e g ati v e p ot e nti al i n a c c or d a n c e wit h c urr e nt I U PA C
r e c o m m e n d ati o ns.
b  E x pr ess e d as t h e h alf- w a v e p ot e nti al fr o m p ol ar o gr a p h y, or t h e diff er e n c e b et w e e n pc  a n d pa  fr o m c y cli c v olt a m m etr y, f or r e v ersi bl e
s yst e ms, u nl ess ot h er wis e n ot e d.
c  R = r e v ersi bl e; I R = irr e v ersi bl e; Q R = q u asi-r e v ersi bl e; ot h er c o m m e nts as r e q uir e d.
d   E c ell   =  E o x – E r e d ; c orr es p o n ds t o a dis pr o p orti o n ati o n e n er g y w h e n t h e c o n diti o ns of E q u ati o n 1 ar e s atisfi e d.
e   T e c h ni q u e ( P = p ol ar o gr a p h y, C V = c y cli c v olt a m m etr y, D P V = diff er e nti al p uls e v olt a m m etr y, A C V = a. c. v olt a m m etr y E L =
el e ctr ol ysis) – El e ctr o d e t y p e ( D M E = dr o p pi n g m er c ur y el e ctr o d e, R P E = r ot ati n g pl ati n u m el e ctr o d e, Pt = pl ati n u m, G C = gl ass y
c ar b o n) – s ol v e nt ( M e C N = a c et o nitril e, C H 2 Cl 2  = di c hl or o m et h a n e, D M F = di m et h ylf or m a mi d e, S O2  = s ulf ur di o xi d e) – El e ctr ol yt e -
R ef er e n c e el e ctr o d e s yst e m f or d at a (if t h e a ct u al r ef er e n c e el e ctr o d e us e d is diff er e nt fr o m t h e q u ot e d s yst e m, a n ot e is gi v e n i n t h e
f o ot n ot es.)
f  r e d u cti o n w as v erifi e d b y C y cli c V olt a m m etr y
g  A g/ A g Cl us e d, c o n v ert e d t o S C E s c al e wit h – 0. 0 2 V c orr e cti o n



P a g e 7 4

T a bl e 5.

El e ctr o c h e mi c al d at a f or 1, 2, 3- Dit hi a z ol es a n d S el e ni u m- c o nt ai ni n g a n al o g u es

C o m p o u n d Pr o c ess a P ot e nti al s
( V) b

C o m m e nts c
 E c ell   ( V) d E x p eri m e nt al d et ails e R ef.

Cl O 4 -+
S

S
N

5 3

– 6/ 0
0/ + 1

– 2. 2 2
– 0. 2 6

I R at R T
R at R T

P - D M E - M e C N - Et 4 N Cl O 4  - S C E
C V - Pt - M e C N - Et 4 N Cl O 4  – S C E
E P R d et e cti o n of r a di c al

[ 7 6, 7 7]

 S
S

N
P F

6
-+

– 1/ 0
0/ + 1

– 1. 0
+ 0. 1 8

I R at R T
R at R T

1. 1 5  C V - Pt - M e C N - B u 4 N P F 6  – S C Ef [ 7 8]

Cl O 4 -
S e

S e
N

+

5 4

– 6/ 0
0/ + 1

– 2. 1 1
– 0. 1 5

I R at R T
R at R T

P - D M E - M e C N - Et 4 N Cl O 4  - S C E
C V - Pt - M e C N - Et 4 N Cl O 4  - S C E

[ 7 6, 7 7]

Cl O 4 -
S e

S
N

+

5 5

– 6/ 0
0/ + 1

– 2. 2 0
– 0. 2 5

I R at R T
R at R T

P - D M E - M e C N - Et 4 N Cl O 4  - S C E
C V - Pt - M e C N - Et 4 N Cl O 4  - S C E

[ 7 6, 7 7]

Cl O
4
-

S
S e

N

+

5 6

– 6/ 0
0/ + 1

– 2. 1 0
– 0. 1 5

I R at R T
R at R T

P - D M E - M e C N - Et 4 N Cl O 4  - S C E
C V - Pt - M e C N - Et 4 N Cl O 4  - S C E

[ 7 6, 7 7]

N
S

S
Cl+

 5 7

0/ + 1 + 0. 4 0 3  R at R T, s c a n r at e 3 3
m V s – 1

C V - Pt - C H 2 Cl 2  - B u4 N Cl O 4  - S C E [ 7 3, 1 3 4]
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S
S

NCl

C6F5

.

58

–1/0
0/+1

–1.1
+0.38

IR at RT
R at RT

1.5 CV - Pt - MeCN - Bu4NPF6 - SCEf [135]

N

NN
S

N S
S

N .

59

–1/0
0/+1

+0.15
+1.14

R at RT
R at RT

0.99 CV - Pt - MeCN - Bu4NPF6 - SCEf [78]

S
N

S

S S
N

Cl

Cl
60

–1/0
0/+1
+1/+2

–1.11
+0.80
+1.25

IR
R at RT
R at RT

0.45
CV - Pt - MeCN - Bu4NPF6 - SCEf [136]

S
S

NS
S

N

Cl

Cl
61

–1/0
0/+1
+1/+2

–0.95
+0.93
+1.5

IR at RT
R at RT
IR

0.57
CV - Pt - MeCN - Bu4NPF6 - SCEf [81]

S S
NN

S S

Cl Cl

62

–1/0
0/+1
+1/+2

–0.96
+0.81
+1.37

IR
R at RT
R at RT

0.56
CV - Pt - MeCN - Bu4NPF6 - SCEf [79]

S S
NN

S S
63

–1/0
0/+1
+1/+2

–0.98
+0.61
+1.10

IR
R at RT
R at RT

0.49
CV - Pt - MeCN - Bu4NPF6 - SCEf [79]



P a g e 7 6

N

S
S

N

S
S

6 4

– 1/ 0
0/ + 1
+ 1/ + 2

– 1. 0 6
+ 0. 4 1
+ 0. 6 6

I R
R at R T
R at R T

0. 2 5
C V - Pt - M e C N - B u 4 N P F 6  - S C Ef [ 8 0]

a  E x pr ess e d i n t er ms of t h e (r e v ersi bl e) r e d o x c o u pl es, st arti n g wit h t h e m ost n e g ati v e p ot e nti al i n a c c or d a n c e wit h c urr e nt I U PA C
r e c o m m e n d ati o ns.
b  E x pr ess e d as t h e h alf- w a v e p ot e nti al fr o m p ol ar o gr a p h y, or t h e diff er e n c e b et w e e n pc  a n d pa  fr o m c y cli c v olt a m m etr y, f or r e v ersi bl e
s yst e ms, u nl ess ot h er wis e n ot e d.
c  R = r e v ersi bl e; I R = irr e v ersi bl e; Q R = q u asi-r e v ersi bl e; ot h er c o m m e nts as r e q uir e d.
d   E c ell   =  E o x – E r e d ; c orr es p o n ds t o a dis pr o p orti o n ati o n e n er g y w h e n t h e c o n diti o ns of E q u ati o n 1 ar e s atisfi e d.
e   T e c h ni q u e ( P = p ol ar o gr a p h y, C V = c y cli c v olt a m m etr y, D P V = diff er e nti al p uls e v olt a m m etr y, A C V = a. c. v olt a m m etr y E L =
el e ctr ol ysis) – El e ctr o d e t y p e ( D M E = dr o p pi n g m er c ur y el e ctr o d e, R P E = r ot ati n g pl ati n u m el e ctr o d e, Pt = pl ati n u m, G C = gl ass y
c ar b o n) – s ol v e nt ( M e C N = a c et o nitril e, C H 2 Cl 2  = di c hl or o m et h a n e, D M F = di m et h ylf or m a mi d e, S O2  = s ulf ur di o xi d e) – El e ctr ol yt e -
R ef er e n c e el e ctr o d e s yst e m f or d at a (if t h e a ct u al r ef er e n c e el e ctr o d e us e d is diff er e nt fr o m t h e q u ot e d s yst e m, a n ot e is gi v e n i n t h e
f o ot n ot es.)
f I nt er n al F c/ F c+  ps e u d o-r ef er e n c e el e ctr o d e c o n v ert e d t o S C E s c al e usi n g + 0. 3 8 as t h e c o n v ersi o n f a ct or i n M e C N.



P a g e 7 7

T a bl e 6.

El e ctr o c h e mi c al d at a f or 1, 3, 2- Dit hi a z ol es a n d s el e ni u m- c o nt ai ni n g a n al o g u es

C o m p o u n d Pr o c ess a P ot e nti al s
( V) b

C o m m e nts c
 E c ell 
( V) d

E x p eri m e nt al d et ails e R ef.

A s F 6
-

S
N

S

H

H

+

6 5

0/ + 1 + 0. 0 2  R at R T  C V - Pt - M e C N - B u 4 N B F 4  - A g/ A g+ [ 8 3]

A s F 6
-

S
N

S

CH 3

H

+

6 6

0/ + 1 – 0. 6 3  R at R T  C V - Pt - M e C N - B u 4 N B F 4  - A g/ A g+ [ 8 3]

S
N

S
P F 6

-+

6 7

– 1/ 0
0/ + 1

– 1. 2
+ 0. 1 5

I R at R T
R at R T

1. 3 3  C V - Pt - M e C N - B u 4 N P F 6  – S C Ef [ 7 8, 9 2]

S e
N

S e

A s F
6
-+

6 8

0/ + 1 – 0. 1 0  Q u asi-r e v ersi bl e
(r a di c al u nst a bl e at R T)

C V - G C - C H 2 Cl 2  - B u4 N P F 6  -
A g/ A g Cl

[ 8 7]

S
N

S
.

6 9

– 1/ 0
0/ + 1

– 1. 0 8
+ 0. 2 7

Str o n gl y I R at R T
R at R T

1. 3 5  C V - Pt - M e C N - B u 4 N P F 6  - S C Ef [ 8 5]

N

N

S
N

S
.

7 0

– 1/ 0
0/ + 1

– 0. 8 8
+ 0. 5 3

I R at R T
R at R T

1. 4 1  C V - Pt - M e C N - B u 4 N P F 6  - S C E [ 1 3]



Page 78

N

N

S
N

S.

71

–1/0
0/+1

–0.73
+0.62

Strongly IR at RT
R at RT

1.35 CV - Pt - MeCN - Bu4NPF6 - SCEf [85]

N

N

S
N

SN
S

N
.

72

–1/0
0/+1

–0.06
+1.00

R at RT
R at RT

1.06 CV - Pt - MeCN - Bu4NPF6 - SCEf [85]

.
S

N
SS

N
S

.

73

–2/–1
–1/0
0/+1
+1/+2

–1.8
–1.3
+0.16
+0.74

IR at RT
IR at RT
R at RT
R at RT

0.5
1.46
0.58

CV - Pt - MeCN - Bu4NPF6 - SCEf [92]

S
N

S

74

0/+1
+1/+2
+2/+3

+0.92
+1.39
+2.18

R at RT
IR at RT
IR at RT

0.47
0.79

CV - Hg - CH2Cl2 - Bu4NBF4 - SCEf [86]

S
N

S
C
H2

75

0/+1
+1/+2

+0.93
+1.27

R at RT
IR at RT

0.34 CV - Hg - CH2Cl2 - Bu4NBF4 - SCE [86]

S
N

S
tBu

76

0/+1
+1/+2

+0.72
+1.05

R at RT
IR at RT

0.33 CV - Hg - CH2Cl2 - Bu4NBF4 - SCE [86]

S
N

S
Ph

OMe
77

0/+1
+1/+2
+2/+3

+0.86
+1.39
+1.89

R at RT
IR at RT
IR at RT

0.53 CV - Hg - CH2Cl2 - Bu4NBF4 - SCE [86]



P a g e 7 9

S
N

S

N

O
P h

7 8

– 1/ 0 ?
0/ + 1
+ 1/ + 2
+ 2/ + 3

– 1. 5 5
+ 0. 9 0
+ 1. 3 1
+ 1. 5 2

I R at R T
R at R T
I R at R T
I R at R T

0. 4 1
C V - H g - C H 2 Cl 2  - B u4 N B F 4 - S C E [ 8 6]

a  E x pr ess e d i n t er ms of t h e (r e v ersi bl e) r e d o x c o u pl es, st arti n g wit h t h e m ost n e g ati v e p ot e nti al i n a c c or d a n c e wit h c urr e nt I U PA C
r e c o m m e n d ati o ns.
b  E x pr ess e d as t h e h alf- w a v e p ot e nti al fr o m p ol ar o gr a p h y, or t h e diff er e n c e b et w e e n pc  a n d pa  fr o m c y cli c v olt a m m etr y, f or r e v ersi bl e
s yst e ms, u nl ess ot h er wis e n ot e d.
c  R = r e v ersi bl e; I R = irr e v ersi bl e; Q R = q u asi-r e v ersi bl e; ot h er c o m m e nts as r e q uir e d.
d   E c ell   =  E o x – E r e d ; c orr es p o n ds t o a dis pr o p orti o n ati o n e n er g y w h e n t h e c o n diti o ns of E q u ati o n 1 ar e s atisfi e d.
e   T e c h ni q u e ( P = p ol ar o gr a p h y, C V = c y cli c v olt a m m etr y, D P V = diff er e nti al p uls e v olt a m m etr y, A C V = a. c. v olt a m m etr y E L =
el e ctr ol ysis) – El e ctr o d e t y p e ( D M E = dr o p pi n g m er c ur y el e ctr o d e, R P E = r ot ati n g pl ati n u m el e ctr o d e, Pt = pl ati n u m, G C = gl ass y
c ar b o n) – s ol v e nt ( M e C N = a c et o nitril e, C H 2 Cl 2  = di c hl or o m et h a n e, D M F = di m et h ylf or m a mi d e, S O2  = s ulf ur di o xi d e) – El e ctr ol yt e -
R ef er e n c e el e ctr o d e s yst e m f or d at a (if t h e a ct u al r ef er e n c e el e ctr o d e us e d is diff er e nt fr o m t h e q u ot e d s yst e m, a n ot e is gi v e n i n t h e
f o ot n ot es.)
f I nt er n al F c/ F c+  wit h ps e u d o-r ef er e n c e el e ctr o d e c o n v ert e d t o S C E s c al e usi n g + 0. 3 8 as t h e c o n v ersi o n f a ct or i n M e C N.



P a g e 8 0

T a bl e 7.

El e ctr o c h e mi c al d at a f or 1, 2, 3, 5- Dit hi a di a z ol es

C o m p o u n d Pr o c ess a P ot e nti al s
( V) b

C o m m e nts c
 E c ell 
( V) d

E x p eri m e nt al d et ails e R ef.

N S

SN

H . – 1/ 0
0/ + 1

– 0. 8 3
+ 0. 6 5

R at R T
R at R T

1. 4 8  C V - Pt - M e C N - B u 4 N P F 6  - S C Ef [ 1 4]

7 9 – 1/ 0

0/ + 1

– 0. 8 1

+ 0. 8 6

Q R, 2 5 0 m V, ν  = 2 0 0 m Vs- 1

at R T
R at R T

1. 6 7  C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E g [ 1 4]

N S

SN

Cl . – 1/ 0
0/ + 1

– 0. 6 3
+ 0. 8 3

I R at R T, ν  = 1 0 Vs- 1

R at R T
1. 4 6  C V - Pt - M e C N - B u 4 N P F 6  - S C Ef [ 1 4]

8 0 – 1/ 0
0/ + 1

– 0. 6 4
+ 1. 0 4

I R at R T
R at R T

1. 6 8  C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E g [ 1 4]

N S

SN

CH 3
. – 1/ 0

0/ + 1
– 0. 9 4
+ 0. 5 9

R at R T
R at R T

1. 5 3  C V - Pt - M e C N - B u 4 N P F 6  - S C Ef [ 1 4]

8 1 – 1/ 0
0/ + 1

– 0. 8 8
+ 0. 7 8

R at R T
R at R T

1. 6 6  C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E g [ 1 4]

N S

SN

F 3 C
. – 1/ 0

0/ + 1

– 0. 4 2

+ 0. 9 1

I R, pc  at ν  = 2 0 0 m V s- 1 a n d -
2 0 o C
R at R T

1. 3 3  C V - Pt - M e C N - B u 4 N P F 6  - S C Ef [ 1 4]

8 2 – 1/ 0 – 0. 4 8 R at ν  = 5 0 0 m Vs- 1, R T 1. 5 9  C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E g [ 1 4]
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0/+1 +1.11 R at RT

N Se

SeN
F3C . –1/0

0/+1
–0.41
+0.89

R at RT
R at RT

1.30 CV - Pt - MeCN - Bu4NPF6 - SCEf [14]

83 –1/0
0/+1

–0.39
+1.11

R at RT
R at RT

1.49 CV - Pt - CH2Cl2 - Bu4NPF6 - SCE g [14]

N S

SN
Me2N . –1/0

0/+1
–0.96
+0.35

R at RT
R at RT

1.31 CV - Pt - MeCN - Bu4NPF6 - SCEf [14]

84 –1/0
0/+1

–0.95
+0.50

QR at RT
R at RT

1.45 CV - Pt - CH2Cl2 - Bu4NPF6 - SCE g [14]

.O

N S

SN –1/0
0/+1

–0.79
+0.63

R at RT
R at RT

1.42 CV - Pt - MeCN - Bu4NPF6 - SCE f [14]

85 –1/0
0/+1

–0.81
+0.84

QR at RT
R at RT

1.65 CV - Pt - CH2Cl2 - Bu4NPF6 - SCE g [14]

.
N S

SN –1/0
0/+1

–0.83
+0.60

R at RT
R at RT

1.43 CV - Pt - MeCN - Bu4NPF6 - SCE  f [28]

86 –1/0
0/+1

–0.82
+0.78

R at RT
R at RT

1.60 CV - Pt - CH2Cl2 - Bu4NPF6 - SCE g [28]

N S

SN
+PF6-

0/+1 +0.68 R at RT CV - Pt - MeCN - Bu4NPF6 - Ag/AgCl [137]

N S

SN
+

AsF6- 0/+1 +0.59 QR at –10oC CV - Pt - MeCN - Bu4NBF4 - SCE h [26,42]



P a g e 8 2

.
N S e

S eN – 1/ 0

0/ + 1

– 0. 6 1

+ 0. 6 3

Q R, p c – p a  = 1 1 0 m V at ν =
2 0 0 m V s - 1 a n d – 1 0o C
R at R T

1. 2 4  C V - Pt - M e C N - B u 4 N P F 6  - S C Ef [ 2 8]

8 7 – 1/ 0
0/ + 1

– 0. 5 9
+ 0. 7 9

R at R T
R at R T

1. 3 8  C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E g [ 2 8]

N S e

S eN

+
P F 6 - 0/ + 1 + 0. 6 1  R at R T C V - Pt - M e C N - B u 4 N P F 6  - A g/ A g Cl [ 1 3 7]

.
N S

SN
Cl

– 1/ 0
0/ + 1

– 0. 8 1
+ 0. 6 2

R at R T
R at R T

1. 4 3  C V - Pt - M e C N - B u 4 N P F 6  - S C Ef [ 2 8]

8 8 – 1/ 0
0/ + 1

– 0. 7 8
+ 0. 8 2

R at R T
R at R T

1. 6 0  C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E g [ 2 8]

N S

SN
Cl

A s F
6
-

+
0/ + 1 + 0. 6 2 0  R at – 1 0 o C C V - Pt - M e C N - B u 4 N B F 4  – S C E h [ 4 2]

.
N S e

S eN
Cl

– 1/ 0

0/ + 1

– 0. 5 9

+ 0. 6 4

Q R, p c – p a  = 1 0 0 m V at ν =
2 0 0 m V s - 1 a n d – 1 0o C
R at R T

1. 2 3  C V - Pt - M e C N - B u 4 N P F 6  - S C Ef [ 2 8]

8 9 – 1/ 0
0/ + 1

– 0. 5 5
+ 0. 8 2

R at R T
R at R T

1. 3 7  C V - Pt - C H 2 Cl 2  - B u4 N P F 6 - S C E g [ 2 8]

N S

SN
F

A s F 6 -

+

9 0

0/ + 1 + 0. 6 0 0  R at – 1 0 o C C V - Pt - M e C N - B u 4 N B F 4  – S C E h [ 4 2]

N S

SN
Br

A s F
6
-

+

 9 1

0/ + 1 + 0. 6 2 5  R at – 1 0 o C C V - Pt - M e C N - B u 4 N B F 4  – S C E h [ 4 2]



P a g e 8 3

.
N S

SN
CH

3

– 1/ 0
0/ + 1

– 0. 8 9
+ 0. 5 9

R at R T
R at R T

1. 4 8  C V - Pt - M e C N - B u 4 N P F 6  - S C Ef [ 2 8]

9 2 – 1/ 0
0/ + 1

– 0. 8 3
+ 0. 7 7

R at R T 1. 6 0  C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E g [ 2 8]

N S

SN
CH

3

A s F 6 -

+
0/ + 1 + 0. 5 8 0  R at – 1 0 o C C V - Pt - M e C N - B u 4 N B F 4  – S C E h [ 4 2]

.
N S e

S eN
CH

3

– 1/ 0

0/ + 1

– 0. 6 1

+ 0. 6 2

Q R, p c – p a  = 1 0 0 m V at ν =
1 0 0 m V s - 1 a n d R T
R at R T

1. 2 3  C V - Pt - M e C N - B u 4 N P F 6  - S C Ef [ 2 8]

9 3 – 1/ 0
0/ + 1

– 0. 5 7
+ 0. 7 7

R at R T
R at R T

1. 3 4  C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E g [ 2 8]

.
N S

SN
M e O

– 1/ 0
0/ + 1

– 0. 8 7
+ 0. 5 7

R at R T
R at R T

1. 4 4  C V - Pt - M e C N - B u 4 N P F 6  - S C Ef [ 2 8]

9 4 – 1/ 0
0/ + 1

– 0. 8 5
+ 0. 7 3

R at R T
R at R T

1. 5 8  C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E g [ 2 8]

N S

SN
M e O

A s F
6
-

+
0/ + 1 + 0. 5 7 0  R at – 1 0 o C C V - Pt - M e C N - B u 4 N B F 4  – S C E h [ 4 2]

.
N S e

S eN
M e O

– 1/ 0

0/ + 1

– 0. 6 8

+ 0. 5 7

Q R, p c – p a  = 1 2 0 m V at ν
5 0 0 0 m V s - 1 a n d – 1 0o C
R at R T

1. 2 5  C V - Pt - M e C N - B u 4 N P F 6  - S C Ef [ 2 8]

9 5 – 1/ 0
0/ + 1

– 0. 6 1
+ 0. 7 4

R at R T
R at R T

1. 3 5  C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E g [ 2 8]

N S

SN
M e S

A s F 6 -

+
0/ + 1 + 0. 5 9 0  R at – 1 0 o C C V - Pt - M e C N - B u 4 N B F 4  – S C E h [ 4 2]



P a g e 8 4

9 6

.
N S

SN
F

3
C

– 1/ 0

0/ + 1

– 0. 8 0

+ 0. 6 6

I R at ν  = 5 0 – 5 0 0 0 m V s- 1

a n d T = + 2 5 t o – 0 o C
R at R T

1. 4 6  C V - Pt - M e C N - B u 4 N P F 6  - S C Ef [ 2 8]

9 7 – 1/ 0

0/ + 1

– 0. 7 3

+ 0. 8 6

I R at ν = 5 0 – 5 0 0 0 m V s - 1

a n d T = + 2 5 t o – 0 o C
R at R T

1. 5 9  C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E g [ 2 8]

N S

SN
F 3 C

A s F 6 -

+
0/ + 1 + 0. 6 5 0  R at – 1 0 o C C V - Pt - M e C N - B u 4 N B F 4  – S C E h [ 4 2]

.
N S e

S eN
F

3
C

– 1/ 0

0/ + 1

– 0. 5 7

+ 0. 6 7

I R at v = 1 0 0 m V s- 1 R T.
R et ur n w a v e at v = 5 0 0 0 m V
s - 1 a n d – 3 0o C
R at R T

1. 2 4  C V - Pt - M e C N - B u 4 N P F 6  - S C Ef [ 2 8]

9 8 – 1/ 0
0/ + 1

– 0. 5 3
+ 0. 8 6

R at R T
R at R T

1. 3 9  C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E g [ 2 8]

N S

SN
N C

A s F 6 -

+

9 9

0/ + 1 + 0. 6 6 0  R at – 1 0 o C C V - Pt - M e C N - B u 4 N B F 4  – S C E h [ 4 2]

N S

SN
O 2 N

A s F 6 -

+

1 0 0

0/ + 1 + 0. 6 7 5  R at – 1 0 o C C V - Pt - M e C N - B u 4 N B F 4  - S C E h [ 4 2]

N S

N S

F 3 C

+

A s F 6
-

1 0 1

0/ + 1 + 0. 6 4 5  Q R at – 1 0 o C C V - Pt - M e C N - B u 4 N B F 4  - S C E h [ 2 6]
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N S

N S

Cl

+
AsF6

-

102

0/+1 +0.633 QR at –10oC CV - Pt - MeCN - Bu4NBF4 - SCE h [26]

N S

N S

MeO

+
AsF6

-

103

0/+1 +0.600 QR at –10oC CV - Pt - MeCN - Bu4NBF4 - SCE h [26]

N S

N S

CH3

+
AsF6

-

104

0/+1 +0.590 QR at –10oC CV - Pt - MeCN - Bu4NBF4 - SCE h [26]

N S

N S

F

+
AsF6

-

105

0/+1 +0.610 QR at –10oC CV - Pt - MeCN - Bu4NBF4 – SCE h [26]

N S

N SNS

NS
+ +

2SbF6
-

106

–2/0
0/+2

–0.80
+0.61

R at RT
R at RT

1.41 CV - Pt - MeCN - Bu4NPF6 - SCEf [14,35,
137]

N S

N SNS

NS
. . –2/0

0/+2
–0.72
+0.78

R at RT
R at RT

1.50 CV - Pt - CH2Cl2 - Bu4NPF6 - SCE g [14,35,
137]

N S

N SNS

NS
+ +

2AsF6
-

0/+2 +0.650 R at –10oC CV - Pt - MeCN - Bu4NBF4 – SCE h [42]
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N S e

N S eNS e

NS e
+ +

2 S b F 6
-

1 0 7

– 2/ 0
0/ + 2

– 0. 6 3
+ 0. 7 5

R at R T
R at R T

1. 3 8  C V - Pt - M e C N - B u 4 N P F 6  - S C Ef [ 1 4]

N
S

N
S

N
S

N
S. .

1 0 8

– 2/ 0
0/ + 2

– 0. 7 9
+ 0. 8 1

R at R T
R at R T

1. 6 0  C V - Pt - C H 2 Cl 2 - B u4 N P F 6  - S C E g

A C V - Pt - C H 2 Cl 2 - B u4 N P F 6  – S C E g
[ 3 5]

N
S

N
S

N
S

N
S

S b F 6 - S b F
6
-

++

0/ + 2 + 0. 6 1  R at R T C V - Pt - C H 2 Cl 2 - B u4 N P F 6  - S C E g

A C V - Pt - C H 2 Cl 2 - B u4 N P F 6  – S C E g
[ 3 5]

a  E x pr ess e d i n t er ms of t h e (r e v ersi bl e) r e d o x c o u pl es, st arti n g wit h t h e m ost n e g ati v e p ot e nti al i n a c c or d a n c e wit h c urr e nt I U PA C
r e c o m m e n d ati o ns.
b  E x pr ess e d as t h e h alf- w a v e p ot e nti al fr o m p ol ar o gr a p h y, or t h e diff er e n c e b et w e e n pc  a n d pa  fr o m c y cli c v olt a m m etr y, f or r e v ersi bl e
s yst e ms, u nl ess ot h er wis e n ot e d.
c  R = r e v ersi bl e; I R = irr e v ersi bl e; Q R = q u asi-r e v ersi bl e; ot h er c o m m e nts as r e q uir e d.
d   E c ell   =  E o x – E r e d ; c orr es p o n ds t o a dis pr o p orti o n ati o n e n er g y w h e n t h e c o n diti o ns of E q u ati o n 1 ar e s atisfi e d.
e   T e c h ni q u e ( P = p ol ar o gr a p h y, C V = c y cli c v olt a m m etr y, D P V = diff er e nti al p uls e v olt a m m etr y, A C V = a. c. v olt a m m etr y E L =
el e ctr ol ysis) – El e ctr o d e t y p e ( D M E = dr o p pi n g m er c ur y el e ctr o d e, R P E = r ot ati n g pl ati n u m el e ctr o d e, Pt = pl ati n u m, G C = gl ass y
c ar b o n) – s ol v e nt ( M e C N = a c et o nitril e, C H 2 Cl 2  = di c hl or o m et h a n e, D M F = di m et h ylf or m a mi d e, S O2  = s ulf ur di o xi d e) – El e ctr ol yt e -
R ef er e n c e el e ctr o d e s yst e m f or d at a (if t h e a ct u al r ef er e n c e el e ctr o d e us e d is diff er e nt fr o m t h e q u ot e d s yst e m, a n ot e is gi v e n i n t h e
f o ot n ot es.)
f I nt er n al F c/ F c+  wit h ps e u d o-r ef er e n c e el e ctr o d e c o n v ert e d t o S C E s c al e usi n g + 0. 3 8 as t h e c o n v ersi o n f a ct or i n M e C N.
g  I nt er n al F c/ F c+  wit h ps e u d o-r ef er e n c e el e ctr o d e c o n v ert e d t o S C E s c al e usi n g + 0. 4 8 as t h e c o n v ersi o n f a ct or i n C H2 Cl 2 .
h A g/ A g +  r ef er e n c e el e ctr o d e c ali br at e d t o t h e S C E s c al e.



P a g e 8 7

T a bl e 8.

El e ctr o c h e mi c al d at a f or 1, 3, 2, 4- Dit hi a di a z ol es

C o m p o u n d Pr o c ess a P ot e nti al s
( V) b

C o m m e nts c
 E c ell 
( V) d

E x p eri m e nt al d et ails e R ef.

CH 3

S N

SN

+ A s F 6 -

1 0 9

0/ + 1 – 0. 2 6  R at R T C V - Pt - M e C N - B u 4 N B F 4  - A g/ A g+ [ 8 3]

S N

SN

+

A s F
6
-

1 1 0

0/ + 1 + 0. 3 3 0  R at – 1 0 o C or Q R at –
1 0 o C ?

C V - Pt - M e C N - B u 4 N B F 4  – S C E f [ 4 2, 2 6]

S N

SN
Cl +

A s F
6
-

1 1 1

0/ + 1 + 0. 3 5 0  R at – 1 0 o C C V - Pt - M e C N - B u 4 N B F 4  - S C Ef [ 4 2]

S N

SN
F +

A s F 6 -

1 1 2

0/ + 1 + 0. 3 4 0  R at – 1 0 o C C V - Pt - M e C N - B u 4 N B F 4  - S C Ef [ 4 2]

S N

SN
Br +

A s F 6 -

1 1 3

0/ + 1 + 0. 3 5 0  R at – 1 0 o C C V - Pt - M e C N - B u 4 N B F 4  - S C Ef [ 4 2]

S N

SN
F 3 C +

A s F 6 -

1 1 4

0/ + 1 + 0. 3 8 0  R at – 1 0 o C C V - Pt - M e C N - B u 4 N B F 4  - S C Ef [ 4 2]
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S N

SN
CH3 +

AsF6-

115

0/+1 +0.300 R at –10oC CV - Pt - MeCN - Bu4NBF4 - SCEf [42]

S N

SN
MeO +
AsF6-

116

0/+1 +0.290 R at –10oC CV - Pt - MeCN - Bu4NBF4 - SCEf [42]

S N

SN
MeS +
AsF6-

117

0/+1 +0.310 R at –10oC CV - Pt - MeCN - Bu4NBF4 - SCEf [42]

S N

SN
O2N +
AsF6-

118

0/+1 +0.400 R at –10oC CV - Pt - MeCN - Bu4NBF4 - SCEf [42]

S N

N S

F

+
AsF6

-

119

0/+1 +0.370 QR at –10oC CV - Pt - MeCN - Bu4NBF4 - SCEf [26]

S N

N S

CH3

+
AsF6

-

120

0/+1 +0.320 QR at –10oC CV - Pt - MeCN - Bu4NBF4 - SCEf [26]

S N

N S

MeO

+
AsF6

-

121

0/+1 +0.330 QR at –10oC CV - Pt - MeCN - Bu4NBF4 - SCEf [26]
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S N

N S

F3C

+
AsF6

-

122

0/+1 +0.390 QR at –10oC CV - Pt - MeCN - Bu4NBF4 - SCEf [26]

S N

N S

O2N

+
AsF6

-

123

0/+1 +0.400 QR at –10oC CV - Pt - MeCN - Bu4NBF4 - SCEf [26]

S N

N S

F

+
AsF6

-

124

0/+1 +0.310 QR at –10oC CV - Pt - MeCN - Bu4NBF4 - SCEf [26]

S N

N S

Cl

+
AsF6

-

125

0/+1 +0.320 QR at –10oC CV - Pt - MeCN - Bu4NBF4 - SCEf [26]

S N

N S

Br

+
AsF6

-

126

0/+1 +0.325 QR at –10oC CV - Pt - MeCN - Bu4NBF4 - SCEf [26]

S N

N S

CH3

+
AsF6

-

127

0/+1 +0.158 QR at –10oC CV - Pt - MeCN - Bu4NBF4 - SCEf [26]

S N

N S

OMe

+
AsF6

-

128

0/+1 +0.330 QR at –10oC CV - Pt - MeCN - Bu4NBF4 - SCEf [26]
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S N

N S

CF3

+
AsF6

-

129

0/+1 +0.403 QR at –10oC CV - Pt - MeCN - Bu4NBF4 - SCEf [26]

S N

N S

NO2

+
AsF6

-

130

0/+1 +0.390 QR at –10oC CV - Pt - MeCN - Bu4NBF4 - SCEf [26]

S N

N S

OEt

+
AsF6

-

131

0/+1 +0.163 QR at –10oC CV - Pt - MeCN - Bu4NBF4 - SCEf [26]

N S

S NNS

SN
+ +

2AsF6
-

132

0/+2 +0.224 R at –20oC CV - Pt - MeCN - Bu4NAsF6 - SCEf [138]

N S

N SNS

SN
+ +

2AsF6
-

133

0/+1
+1/+2

+0.303
+0.595

R at –10oC
R at –10oC

CV - Pt - MeCN - Bu4NBF4 - SCEf [122]

+ +
2AsF6

-

N
S

S
N

N
S

N
S

134

0/+1
+1/+2

+0.387
+0.647

R at –10oC
R at –10oC

CV - Pt - MeCN - Bu4NBF4 - SCEf [102]

a Expressed in terms of the (reversible) redox couples, starting with the most negative potential in accordance with current IUPAC
recommendations.



P a g e 9 1

b  E x pr ess e d as t h e h alf- w a v e p ot e nti al fr o m p ol ar o gr a p h y, or t h e diff er e n c e b et w e e n pc  a n d pa  fr o m c y cli c v olt a m m etr y, f or r e v ersi bl e
s yst e ms, u nl ess ot h er wis e n ot e d.
c  R = r e v ersi bl e; I R = irr e v ersi bl e; Q R = q u asi-r e v ersi bl e; ot h er c o m m e nts as r e q uir e d.
d   E c ell   =  E o x – E r e d ; c orr es p o n ds t o a dis pr o p orti o n ati o n e n er g y w h e n t h e c o n diti o ns of E q u ati o n 1 ar e s atisfi e d.
e   T e c h ni q u e ( P = p ol ar o gr a p h y, C V = c y cli c v olt a m m etr y, D P V = diff er e nti al p uls e v olt a m m etr y, A C V = a. c. v olt a m m etr y E L =
el e ctr ol ysis) – El e ctr o d e t y p e ( D M E = dr o p pi n g m er c ur y el e ctr o d e, R P E = r ot ati n g pl ati n u m el e ctr o d e, Pt = pl ati n u m, G C = gl ass y
c ar b o n) – s ol v e nt ( M e C N = a c et o nitril e, C H 2 Cl 2  = di c hl or o m et h a n e, D M F = di m et h ylf or m a mi d e, S O2  = s ulf ur di o xi d e) – El e ctr ol yt e -
R ef er e n c e el e ctr o d e s yst e m f or d at a (if t h e a ct u al r ef er e n c e el e ctr o d e us e d is diff er e nt fr o m t h e q u ot e d s yst e m, a n ot e is gi v e n i n t h e
f o ot n ot es.)
f A g/ A g +  r ef er e n c e el e ctr o d e c ali br at e d t o t h e S C E s c al e.



P a g e 9 2

T a bl e 9.

El e ctr o c h e mi c al d at a f or T hi atri a zi n es a n d T hi a di a zi n es

C o m p o u n d Pr o c ess a P ot e nti al s
( V) b

C o m m e nts c
 E c ell 
( V) d

E x p eri m e nt al d et ails e R ef.

N
S

N

N ClCl

N

.

1 3 5

– 1/ 0
– 1/ 0

– 1. 0 0
– 0. 8 6

p H 2. 2 3
p H 1. 8 7

P - D M E - 9 M e O H: H 2 O - N a Cl O 4 - S H E [ 1 3 9]

N

N

N
S

O M eM e O

.

1 3 6

– 1/ 0
0/ + 1

– 0. 5 6
+ 0. 7 6

R T
R T

1. 3 2  C V - Pt - C H 2 Cl 2  - B u4 N P F 6  – S C E f [ 8 9]

N

N

N
S
.

1 3 7

– 1/ 0
0/ + 1

– 0. 4 6
+ 0. 9 7

R T
R T

1. 4 3  C V - Pt - C H 2 Cl 2  - B u4 N P F 6  – S C E f [ 8 9]

N

N

N
S
.

P F 6
-

– 1/ 0
0/ + 1

– 0. 4 6
+ 0. 9 7

R T
R T

1. 4 3  C V - Pt - C H 2 Cl 2  - B u4 N P F 6  – S C E f [ 8 9]
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N

N

N
S
Cl

.

138

–1/0
0/+1

–0.48
+0.87

RT
RT

1.8 CV - Pt - CH2Cl2 - Bu4NPF6 – SCE f [89]

N

N

N
S

NO2O2N

.

139

–1/0
0/+1

–0.32
+1.13

RT
RT

1.45 CV - Pt - CH2Cl2 - Bu4NPF6 - SCE f [89]

N

N

N
S

CF3CF3

.

140

–1/0
0/+1

–0.16
+1.35

RT
RT

1.51 CV - Pt - CH2Cl2 - Bu4NPF6 - SCE f [89]

N

N

N
S

ClCl

.

141

0/+1 +1.15 RT CV - Pt - CH2Cl2 - Bu4NPF6 - SCE f [89]

N

N

N
S

NO2O2N

Cl

.

142

–1/0
0/+1

–0.32
+1.08

RT
RT

1.4 CV - Pt - CH2Cl2 - Bu4NPF6 - SCE f [89]

N N
S

143

–2/–1
–1/0
0/+1

–1.8
–0.96
+1.0

IR at RT
R at RT 1.96

CV - Pt - MeCN - Bu4NClO4 - SCE
ACV - DME - MeCN - Bu4NClO4 - SCE
(In 0.1M Et4NClO4)

[130]
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N

NN

N

S S

1 4 4

– 2/ – 1
– 1/ 0
0/ + 1

– 1. 3 8
– 0. 7 7
+ 0. 7 5

I R at R T
R at R T 1. 5 2

C V - Pt – M e C N - B u 4 N B F 4 - S C E [ 1 4 0]

N

P
N

P

N
S

P h
2

P h
2

+
Cl

1 4 5

0/ + 1 – 1. 0 P - D M E - M e C N - Et 4 N Cl O 4  - A g/ A g+ [ 5 9]

a  E x pr ess e d i n t er ms of t h e (r e v ersi bl e) r e d o x c o u pl es, st arti n g wit h t h e m ost n e g ati v e p ot e nti al i n a c c or d a n c e wit h c urr e nt I U PA C
r e c o m m e n d ati o ns.
b  E x pr ess e d as t h e h alf- w a v e p ot e nti al fr o m p ol ar o gr a p h y, or t h e diff er e n c e b et w e e n pc  a n d pa  fr o m c y cli c v olt a m m etr y, f or r e v ersi bl e
s yst e ms, u nl ess ot h er wis e n ot e d.
c  R = r e v ersi bl e; I R = irr e v ersi bl e; Q R = q u asi-r e v ersi bl e; ot h er c o m m e nts as r e q uir e d.
d   E c ell   =  E o x – E r e d ; c orr es p o n ds t o a dis pr o p orti o n ati o n e n er g y w h e n t h e c o n diti o ns of E q u ati o n 1 ar e s atisfi e d.
e   T e c h ni q u e ( P = p ol ar o gr a p h y, C V = c y cli c v olt a m m etr y, D P V = diff er e nti al p uls e v olt a m m etr y, A C V = a. c. v olt a m m etr y E L =
el e ctr ol ysis) – El e ctr o d e t y p e ( D M E = dr o p pi n g m er c ur y el e ctr o d e, R P E = r ot ati n g pl ati n u m el e ctr o d e, Pt = pl ati n u m, G C = gl ass y
c ar b o n) – s ol v e nt ( M e C N = a c et o nitril e, C H 2 Cl 2  = di c hl or o m et h a n e, D M F = di m et h ylf or m a mi d e, S O2  = s ulf ur di o xi d e) – El e ctr ol yt e -
R ef er e n c e el e ctr o d e s yst e m f or d at a (if t h e a ct u al r ef er e n c e el e ctr o d e us e d is diff er e nt fr o m t h e q u ot e d s yst e m, a n ot e is gi v e n i n t h e
f o ot n ot es.)
f I nt er n al F c/ F c+  wit h ps e u d o-r ef er e n c e el e ctr o d e c o n v ert e d t o S C E s c al e usi n g + 0. 4 8 as t h e c o n v ersi o n f a ct or i n C H2 Cl 2 .



P a g e 9 5

T a bl e 1 0.

El e ctr o c h e mi c al d at a f or Dit hi atri a zi n es a n d Dit hi a di a zi n es

C o m p o u n d Pr o c ess a P ot e nti al s
( V) b

C o m m e nts c
 E c ell 
( V) d

E x p eri m e nt al d et ails e R ef.

N S

N
SN

1 4 6

– 1/ 0
0/ + 1

– 0. 5 2 p c

+ 1. 3
I R at R T C V - Pt - M e C N - B u 4 N B F 4 - A g/ A g+  f [ 4 1]

N S
N

SN
P h 2 P

1 4 7

– 1/ 0 – 1. 1 0 P - D M E - M e C N - B u 4 N Cl O 4 - S C E [ 6 2]
[ 5 9]

S

N
S

N

S
N

O

O

 

-P P N +

1 4 8

– 3/ – 1

– 1/ 0

– 1. 6 3

– 0. 0 6

R ( als o st u di e d o n R P E
a n d b y C V)

P - D M E - M e C N - Et 4 N Cl O 4  - A g/ A g+ [ 6 2]

N
S

N
S

1 4 9

– 2/ – 1
– 1/ 0
0/ + 1

– 1. 5 5
– 0. 5 7
+ 1. 1 7

R at R T
R at R T

1. 7 4
P - D M E - M e C N - Et 4 N Cl O 4  - S C E
P - R P E - M e C N - Et 4 N Cl O 4  - S C E

[ 1 4 1]

a  E x pr ess e d i n t er ms of t h e (r e v ersi bl e) r e d o x c o u pl es, st arti n g wit h t h e m ost n e g ati v e p ot e nti al i n a c c or d a n c e wit h c urr e nt I U PA C
r e c o m m e n d ati o ns.
b  E x pr ess e d as t h e h alf- w a v e p ot e nti al fr o m p ol ar o gr a p h y, or t h e diff er e n c e b et w e e n pc  a n d pa  fr o m c y cli c v olt a m m etr y, f or r e v ersi bl e
s yst e ms, u nl ess ot h er wis e n ot e d.
c  R = r e v ersi bl e; I R = irr e v ersi bl e; Q R = q u asi-r e v ersi bl e; ot h er c o m m e nts as r e q uir e d.
d   E c ell   =  E o x – E r e d ; c orr es p o n ds t o a dis pr o p orti o n ati o n e n er g y w h e n t h e c o n diti o ns of E q u ati o n 1 ar e s atisfi e d.
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e  Technique (P = polarography, CV = cyclic voltammetry, DPV = differential pulse voltammetry, ACV = a.c. voltammetry EL =
electrolysis) – Electrode type (DME = dropping mercury electrode, RPE = rotating platinum electrode, Pt = platinum, GC = glassy
carbon) – solvent (MeCN = acetonitrile, CH2Cl2 = dichloromethane, DMF = dimethylformamide, SO2 = sulfur dioxide) – Electrolyte -
Reference electrode system for data (if the actual reference electrode used is different from the quoted system, a note is given in the
footnotes.)
f Ag/Ag+ reference electrode calibrated to the SCE scale.



P a g e 9 7

T a bl e 1 1.

El e ctr o c h e mi c al d at a f or Trit hi a di a z e pi n es

C o m p o u n d Pr o c ess a P ot e nti als ( V) b C o m m e nts c
 E c ell   ( V) d E x p eri m e nt al d et ails e R ef.

N

S

N

S

S

1 5 0

– 1/ 0
0/ + 1

– 1. 6 9 p c

+ 1. 8 5 p a

I R at R T
I R at R T

3. 5 4  C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E f [ 8 9]

N

S

N

S

S

1 5 1

– 1/ 0
0/ + 1

– 0. 8 3
+ 1. 3 6

R e d u cti o n
O xi d ati o n

2. 1 9 P - D M E - M e C N - Et 4 N Cl O 4  - S C E
P - R P E - M e C N - Et 4 N Cl O 4  - S C E

[ 1 4 1]

a  E x pr ess e d i n t er ms of t h e (r e v ersi bl e) r e d o x c o u pl es, st arti n g wit h t h e m ost n e g ati v e p ot e nti al i n a c c or d a n c e wit h c urr e nt I U PA C
r e c o m m e n d ati o ns.
b  E x pr ess e d as t h e h alf- w a v e p ot e nti al fr o m p ol ar o gr a p h y, or t h e diff er e n c e b et w e e n pc  a n d pa  fr o m c y cli c v olt a m m etr y, f or r e v ersi bl e
s yst e ms, u nl ess ot h er wis e n ot e d.
c  R = r e v ersi bl e; I R = irr e v ersi bl e; Q R = q u asi-r e v ersi bl e; ot h er c o m m e nts as r e q uir e d.
d   E c ell   =  E o x – E r e d ; c orr es p o n ds t o a dis pr o p orti o n ati o n e n er g y w h e n t h e c o n diti o ns of E q u ati o n 1 ar e s atisfi e d.
e   T e c h ni q u e ( P = p ol ar o gr a p h y, C V = c y cli c v olt a m m etr y, D P V = diff er e nti al p uls e v olt a m m etr y, A C V = a. c. v olt a m m etr y E L =
el e ctr ol ysis) – El e ctr o d e t y p e ( D M E = dr o p pi n g m er c ur y el e ctr o d e, R P E = r ot ati n g pl ati n u m el e ctr o d e, Pt = pl ati n u m, G C = gl ass y
c ar b o n) – s ol v e nt ( M e C N = a c et o nitril e, C H 2 Cl 2  = di c hl or o m et h a n e, D M F = di m et h ylf or m a mi d e, S O2  = s ulf ur di o xi d e) – El e ctr ol yt e -
R ef er e n c e el e ctr o d e s yst e m f or d at a (if t h e a ct u al r ef er e n c e el e ctr o d e us e d is diff er e nt fr o m t h e q u ot e d s yst e m, a n ot e is gi v e n i n t h e
f o ot n ot es.)
f I nt er n al F c/ F c+  wit h ps e u d o-r ef er e n c e el e ctr o d e c o n v ert e d t o S C E s c al e usi n g + 0. 4 8 as t h e c o n v ersi o n f a ct or i n C H2 Cl 2 .



P a g e 9 8

T a bl e 1 2.

El e ctr o c h e mi c al d at a f or Dit hi at etr a z o ci n es

C o m p o u n d Pr o c ess a P ot e nti al s
( V) b

C o m m e nts c
 E c ell 
( V) d

E x p eri m e nt al d et ails e R ef.

N S

N
S N

N

1 5 2

– 1/ 0
0/ + 1

– 1. 0 2
+ 1. 8 6

R at R T
Q R, p a  – pc  = 1 0 0 m V at
ν  = 2 0 0 m V s- 1 a n d 0o C

2. 8 8  A C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E
C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E f

[ 3 1]

N S

N
S N

N
M e M e

1 5 3

– 1/ 0
0/ + 1

– 0. 9 0
+ 1. 7 0

R at R T
Q R, p a  – pc  = 1 2 0 m V
at ν  = 5 0 0 m V s- 1 a n d –
1 0 o C

2. 6 0  A C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E
C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E f

[ 3 1]

N S

N
S N

N
M e O O M e

1 5 4

– 1/ 0
0/ + 1

– 0. 9 5
+ 1. 5 0

R at R T
Q R, p a  – pc  = 8 0 m V at
ν  = 2 0 0 m V s- 1 a n d –
2 0 o C

2. 4 5  A C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E
C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E f

[ 3 1]

N S

N
S N

N
Cl Cl

1 5 5

– 1/ 0
0/ + 1

– 0. 9 8
+ 1. 6 9

R at R T
p a , I R at R T

2. 6 2  A C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E
C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E f

[ 3 1]

N S

N
S N

N

C F
3

C F
3

1 5 6

– 1/ 0
0/ + 1

– 0. 9 1
+ 2. 0 5

R at R T
p a , I R at R T

2. 9 1  A C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E
C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E f

[ 3 1]



P a g e 9 9

N S

N
S N

N

C F
3 C F 3

1 5 7

– 1/ 0
0/ + 1

– 0. 9 1
+ 1. 9 3

R at R T
Q R, p a  – pc  = 1 0 0 m V
at ν  = 2 0 0 m V s- 1 a n d –
1 0 o C

2. 8 9  A C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E
C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E f

[ 3 1]

N S

N
S N

N

1 5 8

– 1/ 0
0/ + 1

– 1. 1 4
+ 1. 7 4

R at R T
p a , I R at R T

2. 8 3  A C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E
C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E f

[ 3 1]

S
N

S
N

N
N

N

N

1 5 9

– 1/ 0
0/ + 1

– 1. 3 6
+ 1. 2 8 p a

R at R T
I R at R T

2. 5 9  A C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E
C V - Pt - C H 2 Cl 2  - B u4 N P F 6  - S C E f

[ 3 1]

S
N

S
N PN

N

P

P h

P h
P h

P h

1 6 0

– 1/ 0 – 1. 3 7  R, r a di c al d e c a ys 2- 3 s C V - Pt - M e C N - Et 4 N Cl O 4  - S C E [ 1 1 0]

a  E x pr ess e d i n t er ms of t h e (r e v ersi bl e) r e d o x c o u pl es, st arti n g wit h t h e m ost n e g ati v e p ot e nti al i n a c c or d a n c e wit h c urr e nt I U PA C
r e c o m m e n d ati o ns.
b  E x pr ess e d as t h e h alf- w a v e p ot e nti al fr o m p ol ar o gr a p h y, or t h e diff er e n c e b et w e e n pc  a n d pa  fr o m c y cli c v olt a m m etr y, f or r e v ersi bl e
s yst e ms, u nl ess ot h er wis e n ot e d.
c  R = r e v ersi bl e; I R = irr e v ersi bl e; Q R = q u asi-r e v ersi bl e; ot h er c o m m e nts as r e q uir e d.
d   E c ell   =  E o x – E r e d ; c orr es p o n ds t o a dis pr o p orti o n ati o n e n er g y w h e n t h e c o n diti o ns of E q u ati o n 1 ar e s atisfi e d.
e   T e c h ni q u e ( P = p ol ar o gr a p h y, C V = c y cli c v olt a m m etr y, D P V = diff er e nti al p uls e v olt a m m etr y, A C V = a. c. v olt a m m etr y E L =
el e ctr ol ysis) – El e ctr o d e t y p e ( D M E = dr o p pi n g m er c ur y el e ctr o d e, R P E = r ot ati n g pl ati n u m el e ctr o d e, Pt = pl ati n u m, G C = gl ass y
c ar b o n) – s ol v e nt ( M e C N = a c et o nitril e, C H 2 Cl 2  = di c hl or o m et h a n e, D M F = di m et h ylf or m a mi d e, S O2  = s ulf ur di o xi d e) – El e ctr ol yt e -
R ef er e n c e el e ctr o d e s yst e m f or d at a (if t h e a ct u al r ef er e n c e el e ctr o d e us e d is diff er e nt fr o m t h e q u ot e d s yst e m, a n ot e is gi v e n i n t h e
f o ot n ot es.)
f I nt er n al F c/ F c+  wit h ps e u d o-r ef er e n c e el e ctr o d e c o n v ert e d t o S C E s c al e usi n g + 0. 4 8 as t h e c o n v ersi o n f a ct or i n C H2 Cl 2 .



P a g e 1 0 0

T a bl e 1 3.

El e ctr o c h e mi c al d at a f or Mis c ell a n e o us Ri n gs

C o m p o u n d Pr o c ess a P ot e nti al s
( V) b

C o m m e nts c
 E c ell 
( V) d

E x p eri m e nt al d et ails e R ef.

N

NN

NS

M e S

M e

S

S

H

H
P P h 4

+

-

1 6 1

– 2/ – 1
– 1/ 0

– 0. 4 8 2
0. 0 0

R at R T, ν  = 2 0 0 m V/s
R at R T, ν  = 2 0 0 m V/s

0. 4 8  C V - Pt - M e C N - Et 4 N B F 4  - A g/ A g Cl
(I nt er n al F c/ F c+  st a n d ar d at + 0. 5 5 V)

[ 1 1 2]

SS

S

S S

S

O O

1 6 2

– 2/ – 1
– 1/ 0

– 0. 2 1
– 0. 0 7

R at R T, ν  = 1 0 0 m V/s
R at R T, ν  = 1 0 0 m V/s

0. 1 4  C V - G C - D M F - B u 4 N P F 6  - S S C E f

D P V - G C - D M F - B u 4 N P F 6  - S S C E
( b ot h t e c h ni q u es us e d f or b ot h
pr o c ess es)

[ 1 1 3]

  

S

S S

S

O
O

S

S 2( P P h 4
+ ) – 2/ – 1

– 1/ 0
– 0. 2 1
– 0. 0 7

R at R T, ν  = 1 0 0 m V/s
R at R T, ν  = 1 0 0 m V/s

0. 1 4  C V - G C - D M F - B u 4 N P F 6  - S S C E
D P V - G C - D M F - B u 4 N P F 6  - S S C E
( b ot h t e c h ni q u es us e d f or b ot h
pr o c ess es)

[ 1 1 3]

SS

S

S S

S

S S

1 6 3

– 2/ – 1
– 1/ 0

– 0. 0 6
+ 0. 0 9

R at R T, ν  = 1 0 0 m V/s
R at R T, ν  = 1 0 0 m V/s

0. 1 5  C V - G C - D M F - B u 4 N P F 6  - S S C E
D P V - G C - D M F - B u 4 N P F 6  - S S C E
( b ot h t e c h ni q u es us e d f or b ot h
pr o c ess es)

[ 1 1 3]

S

NN

SS
 

Li 2

1 6 4

– 2/ – 1 – 0. 3 p c F or ms S – S b o n d e d
di m er; r e-r e d u c e d at –
1. 1 V

C V - Pt - M e C N - Li C F 3 S O 3  - A g/ A g+ [ 1 1 4]
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S

S N

Me

Me OMe

165

0/+1
+1/+2

+1.05
+1.70 pa

R at RT
IR, comproportionation

0.66 CV - Pt - CH2Cl2 - Bu4NPF6 - Ag/AgCl [115]

S

S N

Me

Me

166

0/+1
+1/+2

+1.14
+1.72 pa

R at RT
IR, comproportionation

0.58 CV - Pt - CH2Cl2 - Bu4NPF6 - Ag/AgCl [115]

S

S N

Me

Me Br

167

0/+1
+1/+2

+1.15
+1.72 pa

R at RT
IR, comproportionation

0.57 CV - Pt - CH2Cl2 - Bu4NPF6 - Ag/AgCl [115]

S

S N

Me

Me NO2

168

0/+1 +1.20 R at RT CV - Pt - CH2Cl2 - Bu4NPF6 - Ag/AgCl [115]

S
N

SMe

Me

SMe

169

0/+1 +1.03 pa IR CV - Pt - CH2Cl2 - Bu4NPF6 - Ag/AgCl [115]

S
N

SMeS

MeS

SMe

170

0/+1
+1/+2

+1.12
+1.43 pa

R at RT
IR, comproportionation

0.31 CV - Pt - CH2Cl2 - Bu4NPF6 - Ag/AgCl [115]

S
N

S SMeS

S
171

0/+1
+1/+2

+1.17
+1.58 pa

R at RT
IR, comproportionation

0.41 CV - Pt - CH2Cl2 - Bu4NPF6 - Ag/AgCl [115]
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S
N

S SMe

S

S

172

0/+1
+1/+2

+1.22
+1.57 pa

R at RT
IR, comproportionation

0.35 CV - Pt - CH2Cl2 - Bu4NPF6 - Ag/AgCl [115]

S
N

SS

S
173

0/+1
+1/+2

+1.20
+1.52 pa

R at RT
IR, comproportionation

0.32 CV - Pt - CH2Cl2 - Bu4NPF6 - Ag/AgCl [115]

S
N

S SMe

174

0/+1
+1.39 pa
+0.83 pc

IR but chemically rev CV - Pt - CH2Cl2 - Bu4NPF6 - Ag/AgCl [115]

S

S

O

O

175

–2/–1
–1/0
0/+1

–1.09
–0.53
+1.41 pa

R at RT
R at RT
IR

0.56 CV - g - CH2Cl2 - Bu4NClO4 - SCE [116]

S

O

O

O

176

–2/–1
–1/0
0/+1

–1.09
–0.59
+1.52 pa

R at RT
R at RT
IR

0.50 CV - g - CH2Cl2 - Bu4NClO4 - SCE [116]

S

S

N

N
CN

CN
177

–2/–1
–1/0
0/+1

–0.36
0.05
1.51 pa

R at RT
R at RT
IR

0.41 CV - g - CH2Cl2 - Bu4NClO4 - SCE [116]



P a g e 1 0 3

S

O

N

N
C N

C N

1 7 8

– 2/ – 1
– 1/ 0
0/ + 1

– 0. 4 2
+ 0. 0 3
1. 6 4 p a

R at R T
R at R T
I R

0. 4 5  C V - g  - C H2 Cl 2  - B u4 N Cl O 4  - S C E [ 1 1 6]

N

N
N C

C N

1 7 9

– 2/ – 1
– 1/ 0

– 0. 4 1
+ 0. 2 1

R at R T
R at R T

0. 6 2  C V - g  - C H2 Cl 2  - B u4 N Cl O 4  - S C E [ 1 1 6]

S

S

1 8 0

0/ + 1
+ 1/ + 2
+ 2/ + 3

+ 1. 3 0
+ 1. 6 5 p a

+ 1. 7 8 p a

R at R T
I R at R T
I R at R T

0. 3 5  C V - G C - M e C N - B u 4 N Cl O 4  - S C E [ 1 1 7]

a  E x pr ess e d i n t er ms of t h e (r e v ersi bl e) r e d o x c o u pl es, st arti n g wit h t h e m ost n e g ati v e p ot e nti al i n a c c or d a n c e wit h c urr e nt I U PA C
r e c o m m e n d ati o ns.
b  E x pr ess e d as t h e h alf- w a v e p ot e nti al fr o m p ol ar o gr a p h y, or t h e diff er e n c e b et w e e n pc  a n d pa  fr o m c y cli c v olt a m m etr y, f or r e v ersi bl e
s yst e ms, u nl ess ot h er wis e n ot e d.
c  R = r e v ersi bl e; I R = irr e v ersi bl e; Q R = q u asi-r e v ersi bl e; ot h er c o m m e nts as r e q uir e d.
d   E c ell   =  E o x – E r e d ; c orr es p o n ds t o a dis pr o p orti o n ati o n e n er g y w h e n t h e c o n diti o ns of E q u ati o n 1 ar e s atisfi e d.
e   T e c h ni q u e ( P = p ol ar o gr a p h y, C V = c y cli c v olt a m m etr y, D P V = diff er e nti al p uls e v olt a m m etr y, A C V = a. c. v olt a m m etr y E L =
el e ctr ol ysis) – El e ctr o d e t y p e ( D M E = dr o p pi n g m er c ur y el e ctr o d e, R P E = r ot ati n g pl ati n u m el e ctr o d e, Pt = pl ati n u m, G C = gl ass y
c ar b o n) – s ol v e nt ( M e C N = a c et o nitril e, C H 2 Cl 2  = di c hl or o m et h a n e, D M F = di m et h ylf or m a mi d e, S O2  = s ulf ur di o xi d e) – El e ctr ol yt e -
R ef er e n c e el e ctr o d e s yst e m f or d at a (if t h e a ct u al r ef er e n c e el e ctr o d e us e d is diff er e nt fr o m t h e q u ot e d s yst e m, a n ot e is gi v e n i n t h e
f o ot n ot es.)
f S S C E is t h e s at ur at e d s o di u m c al o m el el e ctr o d e.
g  El e ctr o d e n ot s p e cifi e d
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Table 14.

Electrochemical data for Metallacycles

Compound Process a Potentials
(V) b

Comments c Ecell
(V) d

Experimental details e Ref.

N S

N
Co

S

181

–1/0 –0.65 R by CV (–0.66, R by
ACV)

CV - Pt - CH2Cl2 - Bu4NPF6 - SCE f
ACV - Pt - CH2Cl2 - Bu4NPF6 – SCE f

[32]

N S

N
Co

S

182

–1/0 –0.99 QR by CV (–1.02, QR
by ACV)

CV - Pt - CH2Cl2 - Bu4NPF6 - SCE f
ACV - Pt - CH2Cl2 - Bu4NPF6 – SCE f

[32]

N
S

Co
S

Ph
183

–1/0
0/+1

–1.34
+0.4 pa

R at RT
IR at RT

CV - Pt - MeCN - Bu4NClO4 -
Ag/AgClO4

[142]
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Co

N N

NN
CH3

CH3

184

–1/0
0/+1
+1/+2

–1.53
+0.89 pa
+1.59 pa

QR at RT,  200 mV s-1

IR at RT, 200 mV s-1

IR at RT, 200 mV s-1

2.42 CV - Pt - MeCN - Bu4NBF4 - NHE [143]

Co

N N

NN
H5C6 C6H5

185

–1/0
0/+1
+1/+2

–1.01
+0.79 pa
+0.92 pa

QR at RT,  200 mV s-1

IR at RT, 200 mV s-1

IR at RT, 200 mV s-1

1.80 CV - Pt - MeCN - Bu4NBF4 - NHE [143]

Co

N N

NN
F5C6 C6F5

186

–1/0 –0.70 QR at RT,  200 mV s-1 CV - Pt - MeCN - Bu4NBF4 - NHE [143]

CH3

CH3 CH3

CH3
Co

N N

NN

187

–1/0
0/+1

–1.31
+1.36 pa

QR at RT,  200 mV s-1

IR at RT, 200 mV s-1
2.67 CV - Pt - MeCN - Bu4NBF4 - NHE [143]

F

F F

F
Co

N N

NN

–1/0
0/+1

–0.97
+1.24 pa

QR at RT,  200 mV s-1

IR at RT, 200 mV s-1
2.21 CV - Pt - MeCN - Bu4NBF4 - NHE [143]
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188

S
Co

S

H H
189

 –1/0 –0.790 R at RT CV - Pt - CH2Cl2 - Bu4NClO4 -
Ag/AgClO4

[118]

S
Co

S

(CH3)3Si H

190

 –1/0 –0.810 R at RT CV - Pt - CH2Cl2 - Bu4NClO4 -
Ag/AgClO4

[118]

S
Co

S

H

191

 –1/0 –0.760 R at RT CV - Pt - CH2Cl2 - Bu4NClO4 -
Ag/AgClO4

[118]

S
Co

S

H

O2N

192

 –1/0 –0.630 R at RT CV - Pt - CH2Cl2 - Bu4NClO4 -
Ag/AgClO4

[118]
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S
Co

S

PhPh
193

–1/0 –1.55 R at RT CV - Pt - MeCN - Bu4NClO4 -
Ag/AgClO4

[142]

S
Co

S

S
Co

S

194

 –2/–1
–1/0

–0.950
–0.665

R at RT
R at RT
Irreversibly oxidized at
+0.8–1.2 V

0.285 CV - Pt - CH2Cl2 - Bu4NClO4 -
Ag/AgClO4

[118]

S
Co

S

S
Co

S
CH3

CH3

195

 –2/–1
–1/0

–1.040
–0.818

R at RT
R at RT

0.222 CV - Pt - CH2Cl2 - Bu4NClO4 -
Ag/AgClO4

[118]

S
Co

S

S
Co

S
(CH3)3Si

Si(CH3)3

196

 –2/–1
–1/0

–1.090
–0.828

R at RT
R at RT

0.262 CV - Pt - CH2Cl2 - Bu4NClO4 -
Ag/AgClO4

[118]
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S
Co

S

S
Co

S
H5C6

C6H5

197

 –2/–1
–1/0

–0.880
–0.720

R at RT
R at RT

0.16 CV - Pt - CH2Cl2 - Bu4NClO4 -
Ag/AgClO4

[118]

S
Co

S

S
Co

S
CH3CO

CH3CO

198

 –2/–1
–1/0

–0.876
–0.682

R at RT
R at RT

0.194 CV - Pt - CH2Cl2 - Bu4NClO4 -
Ag/AgClO4

[118]

S
Co

S

S
Co

S

NO2

O2N

199

 –2/–1
–1/0

–0.810
–0.610

R at RT
R at RT

0.200 CV - Pt - CH2Cl2 - Bu4NClO4 -
Ag/AgClO4

[118]

NMo
+

S
Cp

Cp PF6-

200

0/+1 +1.24 Quasi-reversible,
dependent on switching
potential

CV - Pt - MeCN - Bu4NPF6 - SCE [119]
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NMo

S
Cp

Cp
N

S

201

0/+1 +0.38 Quasi-reversible,
dependent on switching
potential

CV - Pt - MeCN - Bu4NPF6 - SCE [119]

NW
+

S
Cp

Cp PF6-

202

0/+1 +1.23 Quasi-reversible,
dependent on switching
potential

CV - Pt - MeCN - Bu4NPF6 - SCE [119]

NW

S
Cp

Cp
N

S

203

0/+1 +0.33 Quasi-reversible,
dependent on switching
potential

CV - Pt - MeCN - Bu4NPF6 - SCE [119]

N S

SN
Fe(CO)3

Fe(CO)3

H
204

–1/0
0/+1

–1.70
+1.2 pa

R at 25oC
IR at T up to –50oC and
10 V s-1

CV - Pt - CH2Cl2 - Bu4NPF6 - SCE f [33,144]

NS

SN
Fe(CO)3

Fe(CO)3

H

MeO

205

–1/0
0/+1

–1.69
+1.0 pa

R at 200 mV s-1, –20oC
IR at v = 50-1000 mV s-

1,  25oC

CV - Pt - CH2Cl2 - Bu4NPF6 - SCE f [33,144]

NS

SN
Fe(CO)3

Fe(CO)3

H

F3C

206

–1/0
0/+1

–1.57
+1.3 pa

R at 200 mV s-1, –20oC
IR at v = 50-1000 mV s-

1,  25oC

CV - Pt - CH2Cl2 - Bu4NPF6 - SCE f [33,144]
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N S

SN NiCp

NiCp

207

–1/0
0/+1
+1/+2

–0.79
+0.45
+1.9 pa

R at RT
R at RT
IR at v = 50-1000 mV s-

1,  25oC

1.24 CV - Pt - CH2Cl2 - Bu4NPF6 - SCE f [33,144]

N S

SN
Pt

PPh3

PPh3

208

–1/0
0/+1

–1.04
+0.01

R at RT
R at RT

1.05 CV - Pt - MeCN - Bu4NBF4 – SCE g [121]

N S

SN
Pt

PPh2

PPh2

209

–1/0
0/+1

–1.66 pc
+0.10

IR at RT
R at RT

1.76 CV - Pt - MeCN - Bu4NBF4 – SCE g [121]

AsPh4  Mo
Cl N

NCl

Cl

Cl

S

S
N

 

210

–3/–2

–2/–1

–0.68

+0.62

IR in CV (pa = –0.8, –
0.68 by ACV)
R at RT (R by ACV)

CV - Pt - CH2Cl2 - Bu4NPF6 – SCE f [34]

AsPh4  W
Cl N

NCl

Cl

Cl

S

S
N

 

211

–3/–2

–2/–1

–1.19

+0.09

IR in CV (pa = –1.19, –
0.68 by ACV)
R at RT (R by ACV)

CV – Pt – CH2Cl2 – Bu4NPF6 – SCE f [34]

a Expressed in terms of the (reversible) redox couples, starting with the most negative potential in accordance with current IUPAC
recommendations.



P a g e 1 1 1

b  E x pr ess e d as t h e h alf- w a v e p ot e nti al fr o m p ol ar o gr a p h y, or t h e diff er e n c e b et w e e n pc  a n d pa  fr o m c y cli c v olt a m m etr y, f or r e v ersi bl e
s yst e ms, u nl ess ot h er wis e n ot e d.
c  R = r e v ersi bl e; I R = irr e v ersi bl e; Q R = q u asi-r e v ersi bl e; ot h er c o m m e nts as r e q uir e d.
d   E c ell   =  E o x – E r e d ; c orr es p o n ds t o a dis pr o p orti o n ati o n e n er g y w h e n t h e c o n diti o ns of E q u ati o n 1 ar e s atisfi e d.
e   T e c h ni q u e ( P = p ol ar o gr a p h y, C V = c y cli c v olt a m m etr y, D P V = diff er e nti al p uls e v olt a m m etr y, A C V = a. c. v olt a m m etr y E L =
el e ctr ol ysis) – El e ctr o d e t y p e ( D M E = dr o p pi n g m er c ur y el e ctr o d e, R P E = r ot ati n g pl ati n u m el e ctr o d e, Pt = pl ati n u m, G C = gl ass y
c ar b o n) – s ol v e nt ( M e C N = a c et o nitril e, C H 2 Cl 2  = di c hl or o m et h a n e, D M F = di m et h ylf or m a mi d e, S O2  = s ulf ur di o xi d e) – El e ctr ol yt e -
R ef er e n c e el e ctr o d e s yst e m f or d at a (if t h e a ct u al r ef er e n c e el e ctr o d e us e d is diff er e nt fr o m t h e q u ot e d s yst e m, a n ot e is gi v e n i n t h e
f o ot n ot es.)
f I nt er n al F c/ F c+  wit h ps e u d o-r ef er e n c e el e ctr o d e c o n v ert e d t o S C E s c al e usi n g + 0. 4 8 as t h e c o n v ersi o n f a ct or i n C H2 Cl 2 .
s yst e m
g A g/ A g +  r ef er e n c e el e ctr o d e c ali br at e d t o t h e S C E s c al e.


