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Crystal structures of six 1:1 triiodide salts of a series of enantiopure bis(pyrrolo[3,4-d])TTF derivatives, the
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The electrical properties of the radical cation salts of
donors such as TTF 1 and BEDT-TTF 2 have attracted a lot
of attention. Over 30 years ago Dunitz raised the question as
to how the chirality of a material might affect its electrical
properties, and prepared the enantiopure (S,S,S,S)-
tetramethyl(BEDT-TTF) donor 3 and a family of its semi-
conducting radical cation salts." In subsequent studies several
series of salts from both enantiomers of 3 and its racemate
were prepared. For the 2:1 salts with AsFs or SbFs the con-
ductivities and activation energies were similar, while for the
1:1 salts with triiodide the racemate salt had lower conduc-
tivity and higher activation energy than the enantiomerically
pure salts.” Very recently, this series of stereoisomers has
been electrocrystallised with the tris(chloranilato)ferrate(mr)
ion to provide materials combining chirality, electrical con-
ductivity and magnetic properties.’ In addition donor 3 and a
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mixed metal oxalate network form a chiral ferromagnetic
material.*

Rikken has shown that, for a chiral conducting material
in a coaxial magnetic field, the size of the electrical resistance
has a dependence on the handedness of the material, a prop-
erty termed magnetochiral anisotropy, with measurements
made on bismuth helices and carbon nanotubes.” To provide
further materials for investigation we and others have pre-
pared a range of enantiopure organosulfur donors, e.g.
4-10°" and have reported some of their radical cation
salts.””®'®'" In particular, Avarvari, Rikken et al. have shown
that the metallic 2:1 salts of R,R or S,5-8 with ClO, crystal-
lise in enantiomorphous hexagonal space groups and indeed
show magnetochiral anisotropy.*

An alternative approach is to form salts of an achiral
donor with a chiral anion, e.g. a tris(oxalate)metallate in
(BEDT-TTF),[(H30)Cr(C,0,)3]-C¢HsCN where one polymorph
has the enantiomers partitioned into separate layers.'"* By
using R-(-)-carvone as solvent, the first BEDT-TTF salts with a
single enantiomer of the tris(oxalate)metallate have been
obtained.'®> Further BEDT-TTF salts have been made with the
enantiopure Sb,(i-tartrate), anion'® as well as with racemic
anions such as SF;CHFCF,SO;  and Fe(u)(croconate);, and
the salt of enantiopure tetramethyl-BEDT-TTF with the race-
mic TRISPHAT anion has been prepared.”’*° Chirality has
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also been introduced using a solvent e.g. (S)-sec-phenylethyl
alcohol which is included in crystals of BEDT-TTF radical cat-
ion salts.?® The various strategies for preparing chiral molec-
ular conductors have been reviewed.>'

We recently reported the preparation and crystal packing arrange-
ments of four new chiral bis(pyrrolo)[3,4-d|tetrathiafulvalene
derivatives 11-14 in which the two stereogenic centres carry a
hydrogen, a methyl and either a phenyl or 1-naphthyl group,
and the TTF is fused to pyrrole or pyrroline rings.>> Most
notable was that donors 11 and 12, which have fully unsatu-
rated heterocyclic systems, adopt crystal packings with 4; or
near 4; chiral axes relating successive layers of donors. We
now report the first radical cation salts obtained with these
materials. Note that for 11 and 13 the stereogenic centres
have the S configuration, and for 12 and 14 they have the R
configuration.

H CH,

Results and discussion

Cyclic voltammetry measurements demonstrated that all four
donors showed two oxidation processes, with the pyrrolo-
fused donors having slightly lower oxidation potentials than
the dihydropyrrolo-fused systems (Table 1). Electro-
crystallisations with tetrabutylammonium triiodide have pro-
duced crystalline salts from three of these donors whose
structures have been determined by single-crystal X-ray crys-
tallography: 11-I; and 11-13-0.5THF; a series of three related
salts from 12, viz. 12-I3-solvent (THF, chlorobenzene or
DCM); and 13-I; (Tables 2 and 3). These are the first radical
cation salts reported from the bis(pyrrolo)TTF system, though
this molecular unit has been incorporated in catenanes and
rotaxanes in which the TTF system forms charge transfer
interactions with species such as 4,4-bipyridinium dications
in cyclo-bis(paraquat-p-phenylene).>® For salts of donors 11
and 12, the cations show lengthening of the central double
bond from 1.352-1.356 A to ca. 1.40 A, and shortening of the
C-S bonds, especially those at the centre of the molecule
(from 1.744-1.783 A to ca. 1.73 A), but only minor changes in
the pyrrole rings.

The six triiodide salts are all of 1:1 stoichiometry but
show a variety of packing modes, with inclusion of solvent in
some cases, in which the triiodides are packed alongside the
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Table 1 Cyclic voltammetry data for donors®

Donor E; (V) E, (V)
11 0.36 0.86
12 0.36 0.86
13 0.40 0.90
14 0.41 0.88
“ Measured relative to Ag/AgCl at a platinum electrode in

dichloromethane containing 0.1 M n-Buy,NPF; as charge carrier and
using a 100 mV s~ scan.

donors either in head-to-tail pairs, or in continuous lines, or
even in a castellated array. The donor cations are packed in
face-to-face pairs. Incorporation of iodides parallel to the TTF
unit has been observed in triiodide salts of TTF itself and its
derivatives bearing two fused cyclopentene or cyclohexene
rings,>* as well as in bis(2-hydroxypropylthio)ethylenedithio-
TTF.>® The salts were found to be electrically insulating; data
for salt 12-1;-THF could not be measured.

Salts 11-I; and 11-1;-0.5THF

Two 1:1 triiodide salts of donor 11 have been characterized
structurally: a triclinic phase grown as thin black diamonds

Table 2 Crystal data for triiodide salts
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from dichloromethane, and an orthorhombic THF
hemisolvate phase obtained as thin black needles. They both
contain pairs of triiodide ions lying head-to-tail which lie
side-by-side with pairs of donor cations which are oriented
face-to-face. The bonding geometry at each pyrrole nitrogen
atom is planar.

The asymmetric unit of the THF solvate phase contains
two donor cations and two triodide anions along with one
THF molecule, which in the space group P2,2,2; gives eight
cations, eight anions and four THF molecules per unit cell.
Two important structural motifs can be identified: a pair of
crystallographically independent donor cations packed face-
to-face but with their TTF units offset in the direction of the
longest molecular axis (Fig. 1), and a unit formed by two
triiodides which are organized “head-to-tail” (I---I: 3.578(2) A,
with I-I---T angles 170.1 and 173.1°). These motifs are packed
alternately along the b axis, and the 2, axis along ¢ produces
a herringbone pattern of these units in the bc plane (Fig. 2).
Successive planes in the g-axis direction are related by the 2,
axes along a (Fig. 2). The THF solvent molecules are
surrounded principally by the chiral side chains of the donor
cations. An alternative way of considering the packing
arrangement is that the two structural motifs are packed into

11-1;-0.5THF 111, 12-1,- THF 12-1;-C¢H5Cl 12-1,-DCM 131,
Formula C6H22N,S413 Ca6H22NoS,  C34HpeNLSyI3 C34H6N5S, 13 C34H6N5S413 Ca6H6N2Sy I3

-0.5C,Hg0 1 -C,HgO -CeH5Cl -CH,Cl,
M, 907.45 871.39 1043.66 1084.06 1056.43 875.43
Crystal system Orthorhombic Triclinic Monoclinic Monoclinic Monoclinic Orthorhombic
a (A) 9.446(6) 9.4562(16)  25.5744(5) 26.3842(14) 25.618(4) 9.484(10)
b (A) 17.339(11) 9.5572(14)  8.9609(2) 9.0879(2) 8.9466(5) 19.551(14)
c(A) 37.04(2) 53.944(9) 19.6079(5) 19.4801(9) 19.623(2) 30.639(3)
a(®) 90 89.206(5) 90 90 90 90
Q! 90 87.608(3) 123.5900(10) 123.371(7) 123.406(18) 90
7 (9) 90 60.661(5) 90 90 90 90
Vv (A% 6067(6) 4246.0(12)  3743.19(15) 3900.8(3) 3754.5(7) 5681(7)
zZ 8 6 4 4 4 8
Space group P2,2:2, P1 C2 C2 C2 P2,2,24
T (K) 120 120 120 120 120 120
D, (g cm ™) 1.99 2.04 1.85 1.85 1.87 2.04
A (A) 0.6893 0.71073 0.71073 0.71073 0.71073 0.71073
4 (mm™) 2.91 3.63 2.75 2.72 2.91 3.62
No. of unique reflections 8693 19478 8218 6467 6390 10456
No. of unique reflections 6035 10434 7638 5804 5896 4940
with F > 40(F)
No. of refined 682 1891 419 454 427 356
parameters
Flack parameter 0.10(6) 0.12(3) 0.09(2) -0.02(2) 0.13(3) 0.12(6)
R 1, WR, for reflections  0.076, 0.161 0.084, 0.187  0.036, 0.081 0.028, 0.067 0.049, 0.133 0.159, 0.256
with F > 40(F)
Table 3 Conditions for preparation of radical cation salts
Salt Solvent Current (pA) Time (days) Appearance of crystals
11-13-0.5THF THF 1.0 26 Thin black needles
111 Dichloromethane 1.0 26 Black diamond plates
12-1;-THF THF (20 ml) 0.5 28 Black plates
12-13-C¢H;5Cl Chlorobenzene 5.0 28 Black plates
12-I;-DCM Dichloromethane 5.0 28 Black plates
1315 1,1,1,-Trichloroethane 0.5 20 Black plates
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Fig. 1 Pair of donor cations in 11.15-0.5THF showing their offset,
face-to-face, with orientation viewed side on (above) and
perpendicular to the heterocyclic system (below).

blocks extending half a unit cell length along the ¢ axis, and
the 2, axes along b and ¢ produce the herringbone arrange-
ment between successive blocks. The blocks interface via the
phenylethyl sidechains of the donor cations and the THF
molecules lie in this region.

Each (I3), unit is surrounded by four donor cation pairs
and vice-versa. Thus two cation pairs lie edge-on to the (I37),
unit, and two others present a donor face. The I--'S contacts
are shorter to the edge-on donor cation pair with shortest
contacts of 3.746(6) and 3.750(7) A, while the shortest I---S
contacts to the faces of the other two donor cations are >4.1
A. There are also quite short S---S contacts between the

Fig. 2 Crystal packing of 11.13-:0.5THF viewed down the a axis (above)
and down the b axis (below).
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adjacent donor cation pairs surrounding an (I3), unit, nota-
bly 3.406(10), 3.412(10), 3.496(10) and 3.557(11) A. The 1:1
salts of the enantiomers of tetramethyl-BEDT-TTF 3 with
triiodide also contain head-to-tail pairs of triiodide,® a motif
which has a similar length to the donor molecules.

The donor cation pairs lie with their bis(pyrrolo)TTF
planes at 5.0° to each other, but slipped so that the central
double bond for each donor overlaps with a dithiolo-pyrrole
group of the other one (Fig. 1). One donor cation plane is
perfectly planar and the other is slightly bowed. There are
two very short S---S contacts between these cations of
3.282(10) and 3.297(9) A, which are ca. 0.6 A shorter than the
sum of two van der Waals radii for the asymmetrically
shaped bonded S atom.>® The conformations about the exocy-
clic N-C bonds at the ends of the donor cations are different.
The phenyl group at one stereogenic centre and the hydrogen
atom at the other are oriented roughly perpendicular to the
heterocyclic plane and towards the other donor cation in the
pair. The pair of donors fit together with the “perpendicular”
phenyl group of each donor wrapping over the end of the
other donor (Fig. 1).

The unsolvated triclinic phase in space group P1 is simi-
lar, but there are six independent donor cations, packed in
three pairs, and three independent linear (I37), units with
I---I separations of 3.498(3), 3.553(4) and 3.609(4) A. A pair of
donor cations is packed with a linear arrangement of two
triodide ions to form blocks perpendicular to the c¢ axis
(Fig. 3), similar to those in the orthorhombic phase. The dif-
ference is that in the triclinic phase there are three
symmetry-unrelated blocks of this type sequentially along the
¢ axis, which is over 50 A long, with interfaces between the
blocks formed by the phenylethyl sidechains (Fig. 3). In the
orthorhombic phase there are just two, symmetry-related,
blocks along the ¢ axis. The modes of overlap between the
members of the three independent pairs of donor cations are
also similar to that in the orthorhombic phase, and within
each pair there are two close S---S contacts in the range

Fig. 3 Crystal packing of 11:I; showing one block of donor cation
pairs and (I37), units extending one third the way along the c axis
and the arrangement of successive blocks along the c axis,
viewed down the a axis.
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Table 4 Raman stretching frequencies for donors 11 and 13 and their
triiodide salts

Donotr/salt Raman frequencies (cm ™)
11 1485, 1549
111, 1414, 1496
11-13-0.5THF 1412, 1492
13 1471, 1538
131, 1412, 1499

3.341(14)-3.388(14) A. Furthermore, there are S-S contacts
between each set of donor cation pair neighbours surround-
ing each (I;7), unit in the range 3.503(13)-3.522(12) A.

The state of oxidation of TTF and derived donors can be
detected by observation of particular stretches in the Raman
spectrum.?” While donor 11 showed stretches at 1485 and
1549 cm™?, in the two salts of this donor, the corresponding
stretches occurred at lower wavenumber, 1412-1414 and
1492-1496 cm™"* (Table 4). These are the first measurements
on the bis(pyrrolo)TTF system, but the results are reasonably
consistent with a +1 oxidation state by comparison with
results from TTF itself.

Fig. 4 Section of crystal

packing
conformation of the donor and the relative location of the lines of
triiodides and the THF molecules (above), view of crystal packing
looking down the b axis (below).

in 12:15-THF showing the
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Fig. 5 The donor pair in 12:15-THF.

Three 12-I; solvates with THF, chlorobenzene and DCM

Donor 12 formed a series of 12-I;-solvent radical cation salts
by electrocrystallisation with tetrabutylammonium triiodide
in THF, chlorobenzene or dichloromethane. Single crystal dif-
fraction studies on crystals of all three substances showed
that their monoclinic unit cells are very similar in dimen-
sions. For all three cases the space group is C2, with one
donor cation, a solvent molecule and two halves of two
triiodide anions in the asymmetric unit; the central iodine
atom of each triiodide ion lies on a crystallographic 2-fold
axis. Aspects of the crystal structure of the THF solvate are
shown in Fig. 4 and 5. The THF molecule is disordered
between two orientations. The triiodide ions lie head-to-tail
forming infinite rows along the ¢ direction, with an I--'I sepa-
ration of 3.9363(5) A and I-I'-'T angles of 174.22(3) and
177.14(2)°. The I---I separation is ca. 0.33 A longer than the
longest I---I separation in the triiodide salts of 11. The donor
cations occur in pairs related by a two-fold rotation axis with
their TTF groups directly facing each other, and with S-S
contacts between them of 3.272(4) and 3.306(4) A; rows of
these pairs lie between the rows of triiodides. The donor cat-
ions adopt a conformation with both naphthyl groups
directed out perpendicular from the donor cation pair. The
bulkier naphthyl side chains in donor 12, rather than phenyl
groups in donor 11, prevent the formation of such compact
donor cation pairs as in the salts of 11. The donor cation
retains the almost planar bonding geometry at nitrogen. The
heterocyclic system of the donor cation species is very slightly
bowed due to steric effects between donor cation side chains.
One of the two crystallographically unique triiodides lies
side-by-side with the four TTF units of two donor cation
pairs, so that there are sixteen S--'I contacts from as short as
3.586(2) and 3.592(2) A up to 3.856(2) A. The second triiodide
lies among the chiral hydrocarbon sidechains of donor cat-
ions and is not involved in any short contacts. Donor cation
pairs form rows, parallel to the triiodide chains, and interface
to each other by roughly face-to-face m/n interactions between
naphthyl groups whose mean planes lie at 16.1° to each
other. The methyl group at the stereogenic centre prevents
very close packing of the aromatic planes, though the outer
edges of the rings do make C:--C contacts in the range 3.40-
3.46 A. Naphthyl groups of donor cations in neighbouring
rows interface in an edge-to-face manner, though the H:--C

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 View of the structure of 12:I3-chlorobenzene, showing how the
solvent molecules lie close to the interface between triiodide ions.

contacts are not particularly short (2.9-2.97 A). The THF
molecules lie in cavities formed by several naphthalene rings
and a TTF group, which are positioned just to one side of the
point where two triiodide ions interface end-to-end.

The corresponding 12-I; chlorobenzene solvate has a simi-
lar crystal structure (Fig. 6 and 7), but with chlorobenzene
molecules filling the voids between the donor cation pairs.
Indeed, there are Cl---benzene contacts between adjacent sol-
vent molecules, Cl---centroid(benzene) = 3.429 A, with the
Cl---centroid vector roughly perpendicular to the benzene
ring and a C-Cl---centroid angle of 148.9°, which link the sol-
vent molecules in the b direction throughout the structure,
perpendicular to the rows of triiodides and donor cation
pairs. These chlorobenzene rows pass to one side of the per-
pendicular triiodide rows at just the point where the triiodide
ions interface end-to-end, so that there are contacts from the
two terminal iodine atoms to a meta-hydrogen of chloroben-
zene of 3.23 and 3.35 A. The unit cell is ca. 50 A’ larger than
for the THF solvate, expanding along the a and b axes but
contracting slightly along the ¢ axis. The packing of the
donor cations and triiodide anions has expanded somewhat,
thus there are fourteen S---I contacts in the range 3.6390(15)-
3.8517(15) A compared to sixteen in the range 3.586-3.856 A.
However, the S---S contacts within a donor cation pair of
3.297(3) and 3.307(3) A are very similar to those in the THF

Fig. 7 Crystal packing in 12:Is-chlorobenzene viewed on the bc plane
(above) and viewed along the c axis (below).
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Fig. 8 Crystal packing of 12:15-:CH,Cl, viewed down the b axis with
one orientation for the triiodide and associated dichloromethane
molecule.

solvate (3.272 and 3.306 A). Along the chain of triiodides the
I---1 separations are slightly longer (3.9887(5) cf 3.9363 A)
and the I-I''I angles notably smaller (166.55(2) and
169.75(2) ¢f 174.22 and 177.14°) than in the THF solvate, so
the relative orientation of triiodide ions is further away from
linear compared to the THF solvate, and thus compatible
with the slightly shorter ¢ axis.

The crystal of the dichloromethane solvate was twinned,
but a reasonable model was refined (Fig. 8). The volume of the
unit cell is very similar to that of the THF solvate. The overall
organization of the crystal structure is very similar to the other
solvates, however the smaller size of the solvent has provided
the opportunity for one triodide ion to adopt two different ori-
entations, in a 3:1 ratio, which are coupled with two orienta-
tions of the dichloromethane molecule which can be accom-
modated in the ample solvent pocket. The components of
the disordered triiodide share a common location for the
central iodine atom, and the two orientations lie at ca. 9.8°.

Salt 13-1,

The salt of donor 13 with I~ provides an unusual packing
arrangement; the structure is not as well defined as for the

Fig. 9 Packing arrangement of 13:I; viewed in the bc plane showing
the castellated arrangement of triiodide ions. Note that the apparent
space between the castellated triodides and phenyl groups is filled by
phenyl rings from the next layer above.

CrystEngComm, 2015, 17, 7354-7362 | 7359
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other salts (R = 0.159) even though a number of crystals
were investigated with different X-ray sources, and so only
the main features will be outlined. The cations and anions
are packed together in layers perpendicular to the a axis
with two layers per unit cell. Running through the layers in
the b direction are castellated packing arrangements of
triiodide ions with I---I contacts of 3.812(7) and 4.000(9) A
and I-I---I angles at the terminal I atoms of 92.2(2) and
111.8(2)° (Fig. 9). Two crystallographically independent
donor cations form a face-to-face pair with their TTF planes
lying perpendicular to the packing plane. Pairs are packed
into bands extending along the b axis. There is considerable
residual difference electron density concentrated around the
triiodides suggesting extensive positional disorder. The
Raman spectra for donor 13 and this salt (Table 4) are con-
sistent with the +1 oxidation state.

Conclusions

The crystal structures of 1:1 triiodide salts of enantiopure
donors 11-13 show a range of packing arrangements involv-
ing donor cation pairs with triiodides which are arranged in
head-to-tail pairs, continuous lines, and a castellated arrange-
ment, but do not show the helical packing observed in the
neutral donors 11 and 12. Future work will explore the incor-
poration of alternative non-linear ions. It may also be impor-
tant to pay attention to the exact conditions for preparation
of the salts. For enantiopure tetramethyl-BEDT-TTF, this has
formed two phases with triiodide, a 1:1 phase with radical
cation pairs separated by triiodides,® as for 11-13, but also a
2:~0.71 salt which, by comparison of its cell parameters with
other salts, probably contains stacked donors.” If larger side
chains are to be used to confer chirality it is likely to be pref-
erable to prepare donors which have such features at only
one end of the molecule.

Experimental
Preparation of radical cation salts

Two-compartment H-shaped cells with a volume of 40 ml
were used to grow crystals by electrocrystallisation. Each cell
had two platinum electrodes, separated by two porous glass
frits to prevent contamination by reduction products. The
electrodes were cleaned by washing in concentrated HNO;
followed by applying a voltage across the electrodes in 1 M
H,SO, in each direction until the evolution of H, and O, was
observed at the electrodes. Finally the electrodes were washed
in distilled water and thoroughly dried. The cells were fixed
inside sand-filled compartments to minimise vibration and
were kept at ambient temperature. The donor (10 mg) was
placed in one half of the cell and the cell was filled with a
solution of tetrabutylammonium triiodide (120 mg) in 40 ml
of solvent unless otherwise stated, and a constant current
source was used to control the crystal growth rate.
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Conductivity measurements

Four-probe DC transport measurements were made on crys-
tals of all triiodide salts, with the exception of 12.I;-THF, at
room temperature using an Oxford Instruments Maglab Sys-
tem 2000. Gold wires (0.0025 mm diam.) were attached to the
crystal, and the attached wires were connected to an eight-
pin integrated circuit plug with carbon conductive cement
(RS components). The resistance of the contacts was assumed
to be negligible since the crystal had a high intrinsic resis-
tance. Conductivity measurements on all five salts showed
they were insulators.

Raman spectroscopy

Raman spectra were recorded at room temperature with a
Renishaw InVia Raman microscope equipped with a diode
laser (785 nm) and a 1200 | mm ™" grating using a laser power
of ca. 1 mW. The recorded spectra are the result of 20 accu-
mulations of 5 seconds each from 1200 to 1650 cm™ to
observe the TTF v; and v, vibrations.

X-Ray crystallography

Datasets for 11:I;, 12-I;-THF and 13-I; were measured at the
EPSRC National Crystallography Service, University of South-
ampton,”® using a Bruker-Nonius FR951 rotating anode, with
collimation by 10 cm confocal mirrors, or in the case of 11-1I;
a graphite monochromator, and a Bruker-Nonius diffractom-
eter APEX II diffractometer equipped with a CCD detector at
120 K. The dataset for 11-1;-0.5THF was measured with syn-
chrotron X-radiation (1 = 0.6893 A) at Daresbury Laboratory
SRS station 9.8, equipped with a silicon 111 monochromator
and using a Bruker APEX2 CCD diffractometer at 120 K.*’
Datasets for 12-I3-chlorobenzene and 12-I;-DCM were mea-
sured at NTU on an Agilent Excalibur System equipped with
Sapphire detector at 120 K. The crystal of 12-I;:DCM was
twinned and the two components are related by the law: 1 0
1.438/0 -1 0/0 0 —1. Because of the difficulties in obtaining a
satisfactory structure refinement, several crystals of 13-1; were
investigated, some of them with synchrotron facilities at both
SRS and Diamond Light Source beamline I19; these repeated
attempts produced no improvement on the structure reported
here, but did confirm the choice of crystal system and space
group in preference to a twinned structure of lower symmetry.
Structures were solved with SHELXS-97 and refined with
SHELXL-97°° using the X-SEED interface® and CRYSTALS.*
Structures were refined with anisotropic atomic displacement
parameters for non-hydrogen atoms, with the exception of
1313, where only iodine and sulfur atoms were treated aniso-
tropically. Hydrogen atoms were placed geometrically and
treated with a riding model. Geometric analyses were made
with PLATON*® and illustrations with MERCURY 3.3.*
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