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Complexes of Co(i) containing mixed chelating diimine and o-quinone ligand sets are of fundamental
interest on account of their fascinating magnetic and electronic properties. Whilst complexes of this type
containing one diimine and two o-quinone ligands have been studied extensively, those with the reverse
stoichiometry (two diimines and one o-quinone) are much rarer. Herein, we describe a ready route to the
synthesis of the complex [Co"(o-catecholate) (2,2'-bipyridine),]* (1), and also report the synthesis of
[Co"(0-catecholate)(5,5' -dimethyl-2,2'-bipyridine),]* (2) and [Co"(o-benezenedithiolate)(5,5' -dimethyl-
2,2'-bipyridine),]* (3) for the first time. Spectroscopic studies show that complex 2 displays intriguing
solvatochromic behaviour as a function of solvent hydrogen bond donation ability, a property of this type
of complex which has hitherto not been reported. Time-dependent density function theory (TD-DFT)
shows that this effect arises as a result of hydrogen bonding between the solvent and the oxygen atoms
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of the catecholate ligand. In contrast, the sulfur atoms in the benzenedithiolate analogue 3 are much
weaker acceptors of hydrogen bonds from the solvent, meaning that complex 3 is only very weakly
solvatochromic. Finally, we show that complex 2 has some potential as a molecular probe that can report
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Introduction

Complexes of Co(ui) containing both chelating diimines (e.g
2,2"-bipyridyl) and either o-catecholate or o-benzenedithiolate
ligands are attractive targets as these compounds frequently
display interesting electronic and magnetic properties on
account of the redox activity of the catecholate/benzenedithio-
late ligands." ™" Within this class of complexes, those contain-
ing two o-catecholate and one diimine ligand tend to be more
common, with only a few examples existing of complexes of
the type [Co™(o-catecholate)(bipyridyl),]" (where the metal
centre is attached to only one o-catecholate ligand and two
chelating diimines)." ® Moreover, to the best of our knowledge,
the solvatochromic properties of this class of complexes has
not been studied in any great detail before, nor have any ana-
logues of these compounds bearing o-benezenedithiolate
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1 Electronic supplementary information (ESI) available: "H NMR spectra of com-
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on the composition of mixed solvent systems as a function of its absorbance spectrum.

ligands in place of the o-catecholate moieties been reported.
Herein, we report the synthesis and characterization of
the complexes [Co™(o-catecholate) (2,2-bipyridine),]" (1),
[Co™(o-catecholate)(5,5-dimethyl-2,2-bipyridine),]” (2) and
[Co™(o-benezenedithiolate)(5,5"-dimethyl-2,2"-bipyridine),]" (3),
where complexes 2 and 3 are both previously unreported. We
then undertake an in-depth analysis of the solvatochromism
displayed by complexes 2 and 3 using both experimental and
computational methods.

Given its apparent simplicity, it was surprising to us at the
outset of our studies that no detailed synthesis or character-
ization of the parent compound [Co™(o-catecholate)(2,2"-
bipyridine),]" (1) exists (although this compound has been
reported previously, experimental and characterization particu-
lars are very brief'?). With a view to investigating the electronic
properties of this complex, we therefore adapted synthetic
methods reported by Panja® to obtain this compound (com-
pound 1) in almost quantitative yield using a straightforward
and quick one-pot synthesis (note, however, that high yields
are only obtained if the order of addition of the components is
controlled - see below). As the solubility of compound 1 was
rather low in common laboratory solvents, we used the same
general procedure to obtain the analogous (and previously
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unreported) 5,5-dimethylbipyridyl complex (2, also in near-
quantitative yield), which is much more soluble. Furthermore,
we were able to extend this methodology to synthesize
the novel complex [Co"™(o-benezenedithiolate)(5,5"-dimethyl-
2,2"-bipyridine),]" (3). Complex 3 is a rare example of a Co-
bipyridine-dithiolene complex that can be prepared without
isolation of any intermediate species and that contains only
one benzenedithiolate ligand in the isolated compound.'*™*¢
Both complexes 2 and 3 proved sufficiently soluble to allow
us to probe their electronic properties by electrochemistry and
EPR. These studies revealed that complexes 2 and 3 tend to
decompose when their o-catecholate and o-benzenedithiolate
ligands are oxidized, rendering these complexes of limited use
for studying the effects of any redox non-innocence that may
be exhibited by their ligands. However, our investigations did
reveal some intriguing differences between the complexes
regarding their solution-phase UV-vis spectra, with complex 2
exhibiting a strong negative solvatochromic shift in its visible
absorbance band as a function of solvent polarity and hydro-
gen bond donor ability. Meanwhile, complex 3 was much less
affected by these factors (indeed, it showed no perturbation in
absorbance as a function of hydrogen bonding at all). In the
following, we rationalize these effects using time-dependent
density function theory (TD-DFT) and suggest that the differ-
ences in behaviour between these two complexes are attribu-
table to hydrogen bonding between the oxygen atoms of the
catecholate ligand of complex 2 and the solvent (an interaction
which is switched off in complex 3 on account of sulfur being
a weaker hydrogen bond-acceptor than oxygen). Finally, we
show that complexes of this type may hold some promise as
molecular probes that can report on the composition of mixed
solvent systems as a function of their absorbance spectra.

Experimental section
General experimental remarks

All solvents were obtained from Sigma Aldrich and used as
supplied. 2,2"-Bipyridine (>99%), 5,5'-dimethyl-2,2"-bipyridine
(98%), catechol (1,2-dihydroxybenzene, >99%), 1,2-benzene-
dithiol (96%), Co(NO;),-6H,0 (98%) and CoCl,-6H,0 (98%)
were supplied by Sigma Aldrich. Tetrabutylammonium hexa-
fluorophosphate (TBA-PFs) (98%) was obtained from Alfa
Aesar.

All 'H and "*C NMR spectra were recorded on a Bruker AV
400 instrument, at a constant temperature of 300 K. Chemical
shifts are reported in parts per million from low to high field.
Coupling constants (/) are reported in hertz (Hz). Standard
abbreviations indicating multiplicity were used as follows: m =
multiplet, d = doublet, t = triplet, s = singlet. Assignments of
signals to specific protons are based on 2D (COSY) spectra.
UV-Vis spectra were recorded on a JASCO V-670 spectrophoto-
meter using 1 cm pathlength cuvettes. CHN analyses were
collected by the services facility at the School of Chemistry,
University of Glasgow, as were FAB mass spectra (positive
mode) and LM-MS mass spectra (ESI, positive mode, Bruker
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micrOTOF-Q machine). IR spectra were collected in the solid
state on a Shimadzu IRAffinity-1S Fourier Transform Infrared
Spectrophotometer. TGA analyses were collected by the ser-
vices facility at the School of Chemistry, University of Glasgow
on a TA Instruments SDT Q600 machine. All the experiments
were carried out under Argon at a flow rate of 100 mL min™"
and the temperature ramp rate was 10 °C per minute. PXRD
measurements were carried out at the University of Glasgow at
298 K using a PANalytical X’Pert PRO MPD diffractometer
(A(CuKa1) = 1.5405 A) on a mounted bracket sample stage.
Data were collected over the range 10-50°. Melting points were
gauged using an Electrothermal IA 9000 digital melting point
machine. Experiments performed at “room temperature” were
carried out at 20 °C. Electrochemical experiments were per-
formed as below. X-band EPR spectra were recorded on a
Bruker ELEXSYS E500 Spectrometer and simulations were per-
formed using Bruker’s Xsophe Program Package."”

Synthesis of compound 1

To a solution of 2,2"-bipyridine (0.233 g, 1.49 mmol, 2 eq.) in
methanol (50 mL) was added a solution of Co(NO3),-6H,0
(0.217 g, 0.746 mmol, 1 eq.) in methanol (10 mL) and the
resulting orange solution stirred at room temperature open to
air for 2 minutes. A solution of catechol (0.082 g, 0.746 mmol,
1 eq.) in 10 mL methanol was then added to the reaction. No
colour change was observed. Excess triethylamine (3 mL) was
then added to the reaction mixture, which was observed to
darken immediately to red-brown upon addition of Et;N.
A precipitate was observed to form within 2 minutes. After 10
further minutes stirring open to air, the reaction mixture was
filtered, washing the solid on the filter with diethyl ether. This
solid was dried at 60 °C for 90 minutes, yielding compound 1
as a dark brown powder (0.375 g, 93%), m.p. = 240 °C (dec.).
The complex is somewhat hygroscopic and turns greenish
(indicating hydration, see below) when exposed to laboratory
air. Indeed, a sample of dry mass 0.216 g was found to
increase in mass by 12 mg after standing in air for 1 hour
(upon further standing the mass did not increase further).
This corresponds to a mass-gain of around 5%, corresponding
to 1.5 molecules of H,O per molecule of compound 1. CHN
analysis was then performed on this hydrated sample: Anal.
caled for C,sH,,CoN5;O5-(1.5H,0): C 54.94, H 4.08, N 12.32.
Found: C 54.81, H 4.00, N 12.21. Yields for compound 1 are
calculated from the dry (anhydrous) mass. 'H NMR (90%
MeOD/10% D,0, 400 MHz), § = 8.91 (d, 2H, J = 5.6, H, or Hy),
8.77 (d, 2H, J = 8.3, Hq or H), 8.70 (d, 2H, J = 8.0, Hg or Hy),
8.48 (dt, 2H, J, = 8.1, J, = 1.3, H. or Hy), 8.34-8.27 (m, 2H, H,
or Hy), 7.92 (dt, 2H, J; = 5.7, J, = 1.1, Hy, or Hy), 7.59-7.53 (m,
4H, H, or Hg and H, or Hy), 6.67-6.60 (m, 2H, H; or H;),
6.43-6.37 (m, 2H, H; or Hj). Letter assignments correspond to
those shown in Scheme 1. The "H NMR spectrum of this com-
pound is shown in the ESI (Fig. S1). ">*C NMR (90% MeOD/
10% D,0, 100 MHz), § = 157.6, 157.5, 157.3, 152.1, 150.7,
142.5, 142.1, 128.8, 128.6, 125.1, 124.7, 118.8, 116.2. IR (solid
state, em™") v = 1472 (m), 1442 (m), 1331 (s), 1243 (s).
ESI-LMMS (acetonitrile): m/z = 479.0699, [M]" (caled for
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Scheme 1 The general synthetic route followed to synthesize com-
pounds 1 and 2. Italic letters on the product structure correspond to the
*H NMR signal assignments in the Experimental section.

Cu6HoCoN,4O,; 479.0918). TGA analysis (Fig. S21) indicates
two significant weight loss events between 220 and 280 °C,
commensurate with decomposition of 1. Powder X-ray diffrac-
tion (PXRD) was undertaken on a sample of compound 1 and
this pattern is shown in Fig. S3.}

Synthesis of compound 2

To a solution of 5,5-dimethyl-2,2"-bipyridine (0.500 g,
2.71 mmol, 2 eq.) in methanol (50 mL) was added a solution
of Co(NOj3),:6H,0 (0.395 g, 1.36 mmol, 1 eq.) in methanol
(10 mL) and the resulting orange solution stirred at room
temperature open to air for 2 minutes. A solution of catechol
(0.149 g, 1.36 mmol, 1 eq.) in 10 mL methanol was then added
to the reaction. No colour change was observed. Excess triethyl-
amine (5 mL) was then added to the reaction mixture, which
was observed to darken immediately to red-brown upon
addition of Et;N. After stirring in air for 3 minutes, the solu-
tion had changed to bottle-green. After a further 10 minutes
stirring open to air, 100 mL of diethyl ether was added to
induce precipitation of a green/grey solid, which was collected
by filtration and washed on the filter with ether, and then
dried at 100 °C to yield a dark brown powder (0.800 g, 98%).
Subsequent recrystallization from DMF/diethylether afforded 2
as brown crystals, m.p. = 270 °C (dec.). The complex is some-
what hygroscopic and turns greenish (indicating hydration,
see below) when exposed to laboratory air. Indeed, a sample of
dry mass 0.128 g was found to increase in mass by 2.4 mg after
standing in air for 1 hour (upon further standing the mass did
not increase further). This corresponds to a mass-gain of
around 2%, corresponding to ~0.67 molecules of H,O per
molecule of compound 2. CHN analysis was then performed
on this hydrated sample: Anal. caled for Cjz;oH,gCoN5Os-
(2/3H,0): C 59.12, H 4.85, N 11.49. Found: C 59.35, H 4.69,
N 11.57. Yields for compound 2 are calculated from the dry
(anhydrous) mass. 'H NMR (MeOD, 400 MHz), § = 8.68-8.66
(m, 2H, H, or Hy,), 8.59 (d, 2H, J = 8.2, Hq or H,), 8.52 (d, 2H,
J = 8.2, Hq or H.), 8.29-8.24 (m, 2H, H. or Hy), 8.12-8.07
(m, 2H, H. or Hy), 7.28-7.24 (m, 2H, H, or Hy), 6.65-6.60
(m, 2H, H; or Hj), 6.43-6.37 (m, 2H, H; or Hj), 2.50 (s, 6H, Hy,
or Hy), 2.26 (s, 6H, H,, or Hy). Letter assignments correspond
to those shown in Scheme 1. The "H NMR spectrum of this
compound is shown in the ESI (Fig. S4 and S51). "*C NMR
(MeOD, 100 MHz), § = 157.0, 154.7, 154.6, 151.0, 149.7, 142.0,
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141.6, 139.3, 139.0, 123.4, 123.0, 117.9, 115.3, 17.7, 17.1.
IR (solid state, cm™) v = 1474 (s), 1366 (s), 1327 (s), 1250 (s).
ESI-LMMS (acetonitrile): m/z = 535.1305, [M]" (caled for
C30H,3CoN4O,, 535.1544). TGA analysis (Fig. S6T) indicates a
significant weight loss event between 220 and 280 °C, com-
mensurate with decomposition of 2. PXRD was undertaken on
a sample of compound 2 and this pattern is shown in Fig. S77
along with a discussion of these data. An exactly analogous
synthetic route employing CoCl,-6H,O as the cobalt salt was
found to be equally effective at generating compound 2, and
the characterization of the resulting chloride salt was in agree-
ment with that reported here for the nitrate salt.

Synthesis of compound 3

To a solution of 5,5-dimethyl-2,2-bipyridine (0.320 g,
1.74 mmol, 2 eq.) in methanol (20 mL) was added a solution
of Co(NO;),-6H,0 (0.254 g, 0.872 mmol, 1.2 eq.) in methanol
(10 mL). To this was added a solution of benzene-1,2-dithiol
(0.124 g, 0.872 mmol, 1 eq.) in 10 mL methanol. The reaction
mixture was observed to turn dark green upon addition of the
benzene-1,2-dithiol. After stirring in air for 60 minutes, the
solvent was removed under reduced pressure and the resulting
solid re-dissolved in 10 mL MeOH. Around 25 mL of diethyl
ether were then added, inducing the formation of a dark green
precipitate and a dark brown supernatant solution. After
filtration, the green solid was kept, and re-dissolved in 5 mL of
MeOH. To this green solution was then added a large excess
diethyl ether, resulting in the formation of a green solid
and an orange/brown supernatant solution. After a second
filtration, the filtrate solution was kept and treated with excess
petroleum ether, causing the precipitation of compound 3 as a
yellow/orange solid. This was dried at 150 °C, giving a yield of
88 mg, (16%), m.p. = 212 °C (dec.). The complex is somewhat
hygroscopic and hence absorbs water when exposed to labora-
tory air. Indeed, a sample of dry mass 19.5 mg was found to
increase in mass by 1.3 mg after standing in air for 1 hour
(upon further standing the mass did not increase further).
This corresponds to a mass-gain of around 6%, corresponding
to around 2 molecules of H,O per molecule of compound 3.
CHN analysis was then performed on this hydrated sample:
Anal. caled for C3;oH,3CoN5;03S,-(2H,0): C 54.13, H 4.85,
N 10.52. Found: C 54.10, H 4.83, N 10.30. Yields for compound 3
are calculated from the dry (anhydrous) mass. '"H NMR
(MeOD, 400 MHz), § = 9.37-9.34 (m, 2H, H, or H), 8.43
(d, 2H, J = 8.2, Hq or H.), 8.39 (d, 2H, J = 8.2, Hy or H,),
8.09-8.05 (m, 2H, H, or Hg), 8.03-7.99 (m, 2H, H. or Hg),
7.08-7.00 (m, 4H, H, or Hy, and H; or Hj;), 6.78-6.74 (m, 2H, H;
or Hj), 2.45 (s, 6H, Hy, or Hy), 2.22 (s, 6H, H;, or H,). Letter
assignments correspond to those shown in Scheme 2. The
'"H NMR spectrum of this compound is shown in the ESI
(Fig. S8 and $97). *C NMR (MeOD, 100 MHz), § = 154.4, 153.9,
153.7, 148.9, 143.2, 140.7, 140.2, 138.7, 138.5, 126.4, 122.9,
122.8, 122.6, 17.6, 17.2. IR (solid state, cm™) v = 3669 (W),
2980 (s), 2901 (s), 1389 (m), 1339 (m), 1237 (m), 1052 (s).
MS-FAB” (chloroform): m/z = 567.1060 [M]" (caled for
C30H,3CON,S,; 567.1087). TGA analysis (Fig. S101) indicates a
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Scheme 2 The synthetic route for the synthesis of compound 3 under
air. ltalic letters on the product structure correspond to the *H NMR
signal assignments in the Experimental section.

series of significant weight loss events beginning at around
200 °C, indicative of decomposition of 3.

Electrochemical methods

Electrochemical studies were performed in a single chamber
cell in a three-electrode configuration using a CH Instruments
CHI700 series potentiostat. The supporting electrolyte was
0.1 M TBA-PF, in acetonitrile, unless otherwise noted. A large
surface area strip of carbon felt (Alfa Aesar) was used as the
counter electrode, along with an Ag/AgNO; pseudo reference
electrode. Potentials are reported relative to the ferrocene/
ferrocenium couple, the position of which was judged by adding
ferrocene to the samples analyzed. A boron-doped diamond
disc electrode (area = 0.071 cm?, Windsor Scientific Ltd, UK)
was used as the working electrode. Working electrodes were
washed with acetone and deionized water prior to use. Cyclic
voltammograms were collected at room temperature under an
atmosphere of Ar at a scan rate of 100 mV s~'. Measurements
were conducted without stirring and with /R compensation
enabled.

Computational methods

All calculations were performed with the Gaussian 09
program.'® The structures of the complexes were optimized at
the TPSS'®-D3%%/def2-TZVP*"** level in vacuum. We tested
several other functionals (PBE-D3, MO06-L, M06, ®B97-XD),
both in vacuum and in water (using PCM), and found that
TPSS-D3 gave the best agreement with experiment (metal-
ligand bond lengths within 0.01 A) and that solvation had a
negligible effect on the structure (changes in metal-ligand
bond lengths of <0.01 A). We therefore used the TPSS-D3/def2-
TZVP/vacuum structure in all subsequent calculations. TD-DFT
was used to calculate vertical singlet excitation energies at the
©B97-XD>*/def2-TZVP/PCM level. The default IEF-PCM sol-
vation model was used, which only includes electrostatic sol-
vation effects; non-equilibrium solvation was used for excited
states. NTO analyses® were performed with Gaussian.
Structures and orbitals were visualized with the program
ChemCraft.>® The calculated S, excitation energies in various
solvents were found to be significantly overestimated (by
~0.6 eV) compared to the experimental band maxima. It is
well-known®® that the positions of ligand-field excitations,
particularly in first transition row complexes, are not predicted
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reliably by TD-DFT and are highly dependent on the chosen
functional. Moreover, many such excitations have a certain
amount of charge-transfer character, which is also problematic
for TD-DFT. The latter problem is alleviated by using a long-
range corrected functional like ®B97-XD. We did not attempt
to identify the optimal functional for the systems under
investigation as the deviations are systematic and constant for
a given excitation and functional. Therefore, the shifts due to
solvation and the nature of the excitations, which are the focus
of the present work, can still be considered reliable.

Crystallography

Crystallographic data were collected at the EPSRC UK National
Crystallography Service at the University of Southampton using
a rotating anode radiation source,>” and are as follows for com-
pound 2: C3oH,3CoN,0,-1(NO3), M = 597.50, trigonal, a =
21.2619 (15), ¢ = 14.3882 (10) A, U = 5633.0 (7) A%, T = 100 K,
space group P3c1 (no. 165), Z = 6, 40 590 reflections measured,
3339 unique (R; = 0.24), which were used in all calculations.
The final wR(F®) was 0.126 (1325 reflections with I > 24(I)).
SQUEEZE*® was used to calculate the solvent-accessible
volume and the electron density within it; 1149 A® containing
214 electrons. This equates to ~20% of the total crystal volume
being occupied by disordered solvent, which accounts (at least
partially) for the sub-optimal R-value. CCDC 1452332 contains
the supplementary crystallographic data for this paper. More
details on the crystallographic data and its collection can be
found in the ESL{

Results and discussion
Synthesis and structures of compounds 1 and 2

A general route to the synthesis of compounds 1 and 2 is given
in Scheme 1. Taking the example of compound 2, addition of
one equivalent of Co(NO3),-6H,O to two equivalents of 5,5
dimethyl-2,2"-bipyridine resulted in the formation of an orange
solution, the colour of which remained unchanged (to the eye)
upon the addition of one equivalent of catechol. However, sub-
sequent addition of the base triethylamine produced an
instantaneous darkening of the reaction mixture to red/brown.
If the reaction was carried out under inert atmosphere, the
reaction remained red/brown and a red precipitate formed
within a few minutes. However, if the addition reaction was
performed under air, the red colour disappeared and a bottle-
green solution was obtained around 10 minutes after addition
of the triethylamine. Stirring of this solution under air for up
to 2 hours produced no further colour or solubility changes.
Precipitation of a green/grey solid from this solution, followed
by drying, yielded a brown powder in near-quantitative yield.
Subsequent recrystallization from DMF/diethylether then
afforded brown crystals of 2 suitable for X-ray diffraction
(Fig. 1). The same pathway could be followed to obtain the
2,2"-bipyridine analogue, 1, but the product was considerably
less soluble in solvents such as methanol, acetonitrile and di-
chloromethane than complex 2 and so complex 2 was selected

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 (a) The crystal structure of compound 2 showing the connec-
tivity of the complex. Hydrogen atoms, solvent and counterions have
been omitted from the structure. Crystallographic details can be found
in the ESL.{ (b) The packing structure of complex 2 in the solid state,
viewed along the crystallographic c-axis. Colour scheme for both
panels: C = grey, N = blue, O = red, Co = cyan.

for further study on account of being the more tractable of
the two.

The connectivity of 2 is evident from Fig. 1a, which shows
the two bipyridine moieties to be coordinated in a cis fashion
around the metal, with the octahedral geometry of the cobalt
centre completed by bidentate coordination to the catecholate
ligand. The Co-O and Co-N bond lengths in Fig. 1a are: Co-
01 = 1.889(6), Co-N1 = 1.951(8) and Co-N2 = 1.926(8) A, which
are typical of Co(m) according to a search of the Cambridge
Structural Database.”®° Whilst there is precedent for using
the bond lengths in the chelate rings of various catecholate-
metal complexes in order to gauge the oxidation state of the
metal,®® the overall quality of the crystallographic data only
allows us to comment with confidence on the bond lengths
around the Co centre and the general connectivity/packing of
the molecule. In regard to the latter, Fig. 1b shows the
suggested packing of 2 in the solid state, evincing large
(~20%) solvent-accessible voids of ~1150 A® per unit cell.

The assignment of the cobalt oxidation state in compound
2 as +3 was reinforced by the "H NMR of this complex (see
Fig. S4 and S5 in the ESIT), which implied that the compound
was diamagnetic. Moreover, compound 2 as isolated was
found to be EPR-silent, which further supports this con-
clusion. The similarity of the "H NMR spectrum of complex 1
(Fig. S17) to that of complex 2 indicates that these complexes
share a common basic geometry and that the cobalt is in the
+III oxidation state in both of these compounds.

The order of addition of the components to the reaction
mixture was found to be crucial for the isolation of complexes
1 and 2 in high yield. For example, if one equivalent of cate-
chol is added to one equivalent of Co(NOj3),-6H,0 in metha-
nol, the solution remains dark pink in colour. Addition of
triethylamine to this turns the solution dark blue/green. If two
equivalents of 5,5-dimethyl-2,2"-bipyridine are then added
under air, the reaction mixture becomes an intense dark green
(distinct from the bottle green colour observed with the order
of addition given in Scheme 1). Upon stirring of this dark
green solution under air for 2 hours, a dark yellow suspension
forms in the otherwise green solution. Analysis of the green
solution by NMR suggests that some compound 2 is present in
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here (along with other unidentified paramagnetic species), but
after isolation the yield of complex 2 is only 25%. The dark
yellow solid on the other hand (which is the main product of
this reaction) is insoluble in common laboratory solvents such
as methanol and chloroform.

Redox chemistry of compound 2

If the red/brown reaction mixture formed upon triethylamine
addition under inert atmosphere (during the synthesis of com-
pound 2 according to the order of addition of reactants shown
in Scheme 1) is allowed to equilibrate with air, then any preci-
pitated solids soon re-dissolve and the mixture turns green,
giving clean and quantitative conversion to 2. This suggested
that aerial oxidation was a key step in the formation of these
complexes, causing oxidation of Co(u) to Co(m). However,
attempts to reduce complex 2 back to this red/brown material
were not successful. For example, addition of zinc dust to a
green solution of 2 in methanol evinced no colour changes,
implying no reduction of the complex. Similarly, electro-
chemical methods failed to show any redox waves that might
correspond to the reduction of complex 2 (Fig. 2a). Instead, all
that was observed in these experiments were two closely-
spaced and quasi-reversible redox events with oxidation waves
between —0.1 and +0.2 V (vs. ferrocene/ferrocenium), which we
attribute to oxidation of the catecholate ligands by analogy
both to other Co-catecholate complexes® and to complexes of
other metals containing catecholate ligands.**

Support for assigning the locus of the redox activity to the
catecholate ligand was supplied by EPR spectroscopy.
Chemical oxidation, which occurs on a faster timescale than
its electrochemical equivalent, was achieved by treating a
3 mM solution of complex 2 in acetonitrile with 1 equivalent
of NOBF,. However, the one electron-oxidized species thus
generated proved to be unstable (as suggested also by the
electrochemical data in Fig. 2). Hence the resulting fluid solu-
tion EPR spectrum recorded at X-band frequency revealed an
elegant 15-line profile, consistent with coupling to two *°Co
(I=7/2,100% abundant) nuclei (Fig. 3) rather than the expected
8-line spectrum for a benzosemiquinone radical bound to a
single Co(m) centre.**** The signal was very weak considering
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Fig. 2 (a) Cyclic voltammogram of a 12 mM solution of the nitrate salt
of complex 2 in 0.1 M TBA-PFg/acetonitrile run under the conditions
detailed in the Experimental section. (b) Cyclic voltammograms as in
panel (a), but over a narrower potential range and showing the effect of
variation in the scan rate as indicated. The ferrocene/ferrocenium
couple is not shown for clarity.
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Fig. 3 X-band EPR spectrum of paramagnetic species generated from
the reaction of complex 2 with NOBF,, recorded in acetonitrile solution
at 293 K (experimental conditions: frequency, 9.4053 GHz; power,
9.5 mW; modulation, 0.1 mT). Experimental data are represented by the
black line and a simulation is depicted by the red trace.

the concentration of the sample, suggesting the rapid
decomposition of complex 2 upon oxidation. This is in agree-
ment with the cyclic voltammetry, which suggests that the
more rapidly the sample is re-reduced following oxidation, the
lesser the extent of decomposition (as evinced by the greater
reversibility of the redox wave at higher scan rates in Fig. 2b).
Spectral simulation gave gis, = 2.0007 and Ajgo = 3.4 x 107 em™,
which are hallmark values for a benzosemiquinone radical
bound to two Co(m) ions.**™® The extremities of the experi-
mental spectrum in Fig. 3 show additional hyperfine lines that
are not associated with the dominant 15-line signal. These
presumably arise from other decomposition products or inter-
mediates, but are not present at sufficient concentrations to be
diagnosed. Interestingly, examination of the spectrum by
varying the temperature incrementally to just above the solvent
freezing point (—45 °C), showed no change in the number of
lines, nor any deviation from binomially-distributed inten-
sity.”” This suggests a symmetrical disposition of the two
Co(m) ions attached to a bridging benzosemiquinone radical,
such that the hyperfine interaction is not biased towards a
particular Co nucleus as noted in more elaborate dicobalt
complexes.*®

The corresponding frozen-solution EPR spectrum recorded
at 150 K possesses very little g anisotropy (g = 2.0094, 2.0024,
1.9899), synonymous with an organic-based unpaired electron
(Fig. S117). The line-shape is reproduced well by including
coupling from both *°Co nuclei, 4 = (3.1, 4.6, 1.5) x 107"
em™', whose average matches the isotropic value. These EPR
and electrochemical measurements suggest that oxidation of
complex 2 is ligand-based, leading to the formation of a dico-
balt decomposition species with a bridging benzosemi-
quinone radical which is sufficiently long-lived to be detected
by EPR.
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Solvatochromism of complex 2

During the course of the above experiments, it was noted that
complex 2 assumed different colours in different solvents, as
has been observed previously for complexes of transition
metals (such as Pt) containing mixed bipyridine and catecho-
late ligand sets."*®>° To probe this solvatochromic effect
further, 5.0 mM solutions of compound 2 were made in sol-
vents of various polarities and the position of the lowest
energy absorption maximum, Ay.. (Which falls between 640
and 760 nm), was plotted as a function of the E(30) solvent
polarity scale of Dimroth and Reichardt (see Fig. 4 and
$121).>"> This revealed a clear correlation between solvent
polarity and the wavelength of the first absorption, and
implied that the excitation energy increased in more polar
solvents (negative solvatochromism). In methanol, this absorp-
tion was found to have an extinction coefficient of 171 (+6)
M~ em™" (Fig. S131), which is in good agreement with the
molar extinction coefficients (typically around 170 M™" em™)
reported for the visible absorbances of complexes of the type
[Co™(catecholate)(R),]", where R is a saturated bidentate
amine such as ethylenediamine.**®

To rationalize this trend further, we performed time-depen-
dent density-functional theory (TD-DFT) calculations with a
polarizable continuum model of the solvent to elucidate the
nature of the excitation giving rise to the solvatochromic pro-
perties of compound 2 (see Experimental section). These cal-
culations suggested that the measured absorption band in the
visible region was due to the lowest-energy singlet excitation
(S1) only. The S, excitation, which was 0.1 eV higher in energy
and might therefore contribute to the same band, was calcu-
lated to have negligible intensity (oscillator strength f < 107%).
Higher excitations were sufficiently separated in energy (S; was
0.3 eV above S,), that they could be neglected.

However, when the excitation energies calculated by
TD-DFT were compared to those derived from the experimental
absorption maxima, a linear correlation was only observed for

760 - Chloroform
Dichloromethane
7401 DMF = 1-butanol
n
_. 120 EtOH
E e
£ 700t Acetonitrile
&E 680
i 2,2 2-trifluoroethanol
660
Water =
640 -

35 40 45 50 55 60 65
E,(30) (kcal mol™)

Fig. 4 Wavelength of the lowest energy absorption band of compound
2 as a function of solvent polarity, plotted on the Dimroth—Reichardt
E7 scale. All solutions were at a concentration of 5 mM, except those in
butanol, chloroform and dichloromethane (2.5 mM). The red line is a
linear fit and is provided as a guide to the eye.
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solvents that were not significant hydrogen bond donors
(black squares in Fig. 5). Avery similar trend could be obtained
by plotting the experimental excitation energies vs. the stabiliz-
ation energy of a dipole sitting in a spherical cavity in a polar-
izable medium (the Onsager model of solvation®®), which
scales as fo(e) = (¢ — 1)/(2¢ + 1) with the dielectric constant of
the solvent, ¢ (Fig. S141). Meanwhile, a plot of the excitation
energies calculated by TD-DFT vs. fo(e) was a straight line
(Fig. S157), which confirmed that the solvent model used in
the calculations captured the purely electrostatic component
of the solvents’ influence on the excitation energy accurately.

In these calculations, the solvent was considered to stabi-
lize the solute by acting as a homogeneous polarizable
medium. This was the only solvent effect included in the calcu-
lations and no specific solute-solvent interactions were con-
sidered. The effect of electrostatic solvation on an electronic
excitation results from the differential stabilization of the
ground and excited states and/or from the stabilization of the
transition dipole moment. In the present case, the transition
dipole moment was calculated to be negligible compared to
the permanent dipole moment of the molecule, and so did
not warrant further consideration. The dipole moments of
complex 2 (in CHCl;) were calculated to be ug, = 13.33 D and
#s1 = 9.26 D in the ground and first excited states, respectively.
Hence, as the excited state has a smaller dipole moment than
the ground state, it is expected to interact less with the solvent.
With increasing polarity (greater dielectric constant, ¢) of the
solvent, the ground state should therefore be increasingly
better solvated compared to S;. Consequently, the excitation
energy is expected to increase with increasing ¢ (i.e., the exci-
tation energy blue-shifts). This explains the trend seen for
non-hydrogen bonding solvents (Fig. 5 and S147).

The fact that hydrogen bond-donating solvents do not
conform to this simple model therefore suggests that other
solvation effects, in particular hydrogen bonding, play a

1.95
1.90} Water e
5
g 1851 2,2, 2-trifluoroethanol
= °
= 180
g MeOH.
-§- 175} *EiOH
¥ 170} 1-butanol e
& 1.65 | Chloroform = T BMF
Dichloromethane Acetonitrile
160 1 1 1 1 1
2.22 224 2.26 2.28 2.30
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Fig. 5 A plot of the experimental excitation energies (obtained from
the band maxima given in Fig. 4) and the energies of the lowest excited
singlet state calculated by TD-DFT (wB97-XD/def2-TZVP/PCM). Non-
hydrogen bonding solvents are depicted with black squares and the
linear trend is indicated by a red line as a guide to the eye. Hydrogen
bonding solvents are shown as blue circles.
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significant role in the solvatochromism displayed by complex 2.
Purely electrostatic solvent models, like the polarizable
continuum model used is the calculations or the Onsager
model, are only good predictors of the solvatochromism in
non-hydrogen bonding solvents. By contrast, the empirical Ey
scale accounts for all effects of the solvent, including hydrogen
bonding.>*

An explanation as to why hydrogen bonding should affect
the absorption to such an extent can be found by considering
the results of NTO (natural transition orbital) analysis of the
So — S; excitation in complex 2. This excitation is dominated
(>90%) by the transition between one NTO donor-acceptor
pair, as shown in Fig. 6. Qualitatively, this excitation can be
characterized as a d-d transition with significant admixture
(~30%) from a filled catecholate n* orbital to the donor state:
Co(d,;) — cat(n*) - Co(dz). The catecholate n* orbital in turn
is dominated by the two O(p,) contributions. We note that the
solvent has negligible influence on orbital compositions and
characters (the values given are for CHCl;). Also note that we
take the trans N-Co-N axis as the z-axis, with the y-axis along
the C, axis (see ESIY).

Hence the electron density in the first excited state of 2 is
shifted to a metal-centred d-orbital, which is largely isolated
from the surrounding medium (and therefore largely inaccess-
ible for specific interactions with the solvent). The donor NTO,
however, has significant catecholate n*/O(p,) character. The
structure of complex 2 (see Fig. 1) suggests that the only sites
available for accepting hydrogen bonds are the oxygen atoms
of the catecholate ligands. Therefore, hydrogen bonding
between the solvent and these oxygens is expected to remove
electron density from the catecholate-based =n* orbital, and
therefore stabilize the donor NTO in hydrogen bond-donating
solvents relative to solvents that cannot donate hydrogen
bonds. Hence, hydrogen bond-donating solvents should
indeed manifest increased negative solvatochromism (i.e. an
increase in excitation energy with solvation strength) relative
to solvents that cannot hydrogen bond, precisely as observed.

In further support of this, we fitted the experimental exci-
tation energies with a linear model incorporating both fo(¢)
and the Kamlet-Taft a-parameter,® which is a measure of the

Fig. 6 The dominant NTO pair of the S — S; excitation of complex 2,
which accounts for >90% of the transition density. The donor orbital
(left-hand side) has significant catecholate n* character, whereas the
acceptor state (right-hand side) is mainly a metal-based d-orbital.
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Fig. 7 A plot of the experimental excitation energies against the predic-
tions from a linear model incorporating the Onsager function fo(e) and
the Kamlet—-Taft a-parameter for hydrogen bond donor strength (taken
from ref. 56). The linear fit function is AEyeq = 1.345 eV + 0.695 fo(e) +
0.109 a. Non-hydrogen bonding solvents are depicted with black
squares, hydrogen bonding solvents with blue circles.

hydrogen bond donor ability of a solvent. This model should
therefore account for the additional blue-shifting of the band
in hydrogen bond-donating solvents. As is evident from Fig. 7,
this model indeed reproduces the observed solvatochromic
trend more closely than the purely electrostatic model of
Fig. 5, thus confirming that electrostatic stabilization and
hydrogen bond donation are the two essential solvation com-
ponents at play in this case. It is interesting to note that
the empirical Dimroth-Reichardt Ey(30) parameter, which
captures the experimental trend very well (Fig. 4), has long
been recognized to correlate strongly with the hydrogen bond
donation parameter, a.>°

Prediction of the properties of complex 3 and its synthesis

In order to obtain an independent (experimental) verification
of the effects that pure electrostatics and hydrogen bonding
have upon the solvatochromism displayed by complex 2,
complex 3 was synthesized by the general route followed for
complexes 1 and 2 (see below). The rationale behind this was
both to test the applicability of the synthetic procedure to
another class of bidentate ligand, and to replace the oxygen
ligands of complex 2 with sulfur ligands. Sulfur is a weaker
hydrogen bond acceptor than oxygen, as indicated by the posi-
tions of phenol (0.30) and thiophenol (0.16) on Abraham’s
hydrogen bond acceptor strength scale.”” Hence, we hypoth-
esized that any solvatochromic shift due to hydrogen bonding
interactions with the solvent should be much less pronounced
for complex 3 than for complex 2.

Prior to the synthesis of 3, TD-DFT calculations were per-
formed on the target structure in order to estimate the magni-
tude of the solvatochromic effect that might be expected on
the basis of pure electrostatic solvation in the absence of
hydrogen bonding. These calculations identified the S, — S,
excitation as being responsible for the visible absorption band
of complex 3. S;, which was calculated to be 0.02 eV below S,,
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Fig. 8 The dominant NTO pair of the So — S, excitation of 3, which
accounts for ~90% of the transition density. The donor orbital is shown
on the left-hand side and the acceptor is shown on the right-hand side.

had hardly any intensity (f ~ 107") and the higher excited
states were again well-separated (by >0.4 eV), as was also the
case for complex 2. When compared to complex 2, the lowest
energy absorption of complex 3 was ~0.06 eV lower in energy
(in CHCI;). The dipole moments for complex 3 in chloroform
were calculated to be ugo = 13.84 D and pg, = 11.40 D (com-
pared to uso = 13.33 D, ps; = 9.26 D for complex 2 - see above).
Hence, whilst complex 3 was also predicted to display a
negative solvatochromic shift, this effect was predicted to be
weaker for complex 3 than for complex 2 on account of the
smaller difference in dipole moments between the ground and
excited states in complex 3.

NTO analysis of the S, — S, excitation of complex 3 again
showed domination (~90%) by one NTO donor-acceptor pair
(Fig. 8). Qualitatively, this excitation is a d-d transition with
admixture of ~30% S(p,) character to the donor NTO.
Compared to complex 2, there is a higher metal d contribution
to the donor orbital (58% vs. 47%), at the expense of the
benzene n* contribution, which is negligible in complex 3. The
acceptor NTO has ~65% d character for both complex 2 and
complex 3. Overall, the calculations suggest that, compared to
complex 2, the visible band of complex 3 should be red-shifted
and subject to a diminished negative solvatochromic effect,
particularly in hydrogen bond-donating solvents.

Complex 3 was then synthesized by the route shown in
Scheme 2. This was highly analogous to the route followed for
the catecholate complexes, with the exception that upon
addition of o-benzenedithiol the reaction mixture became dark
green almost at once and the addition of Et;N was not necess-
ary in order to isolate the product (see Experimental section).
The yield of complex 3 was, however, consistently much lower
than that obtained for the catecholate analogues (<20%).
Again, the similarity between the 'H NMR spectra of com-
plexes 1, 2 and 3 (see ESI}) indicated that complex 3 shared
the same basic structure as that found for complex 2, with the
cobalt present in the +III oxidation state.

Redox chemistry of complex 3

Fig. 9 shows cyclic voltammograms for complex 3. The
full range CV (panel (a)) shows numerous irreversible and
quasi-reversible processes. Panel (b) then shows a scan-rate
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Fig. 9 Cyclic voltammograms of an 11 mM solution of the nitrate salt of
complex 3 in 0.5 M TBA-PF¢/acetonitrile obtained under the conditions
detailed in the Experimental section (with the exception that a Pt
counter electrode was used). (a) A full range cyclic voltammogram at a
scan rate of 0.1V s7%. (b) CVs as in panel (a), but at various scan rates as
indicated. The ferrocene/ferrocenium couple is not shown for clarity.

dependency assay on the first oxidative redox wave occurring at
around +0.4 V vs. ferrocene/ferrocenium. At low scan rates (0.1
Vv 57! and below) this wave appears to be largely irreversible.
However, as the scan rate is increased, the wave becomes more
reversible, being essentially fully reversible at 3 V s™'. EPR
spectroscopy was used to probe this behaviour further. Hence,
compound 3 was oxidized chemically by treatment with
NOBF,, yielding a dark brown solution. In contrast to the EPR
spectrum obtained when compound 2 was oxidized with
NOBEF,, the spectrum of compound 3 upon oxidation revealed
a single sharp line without hyperfine splitting at g ~2.006.
This again is the hallmark of a ligand-centred oxidation, and
the absence of *°Co hyperfine coupling suggests that the signal
stems from a trace amount of uncoordinated dithiobenzo-
semiquinone radical in the sample. This is consistent with the
lifetime of the signal (which vanished after only two hours)
and highlights the notable difference in stability between
benzosemiquinone and dithiobenzosemiquinone radicals, with
the former being considerably more long-lived than the latter.

On the basis of the EPR and electrochemical data, we there-
fore propose that the scan rate-dependent wave in the cyclic
voltammogram is due to oxidation of the benzenedithiolate
ligand, which is accompanied by dissociation of this ligand
from the metal centre and consequent decomposition of
complex 3. However, the electrochemistry suggests that if re-
reduction follows oxidation rapidly enough, then dissociation
of the benzenedithiolate ligand can be prevented and the
structure of complex 3 can be preserved.

Solvatochromic behaviour of complex 3 and comparison to
that of complex 2

Electronic spectra of complex 3 were collected in various sol-
vents (see Fig. 10a and S16t) and plotted on the Er(30) solvent
polarity scale of Dimroth and Reichardt as for complex 2. This
revealed that the hydrogen bonding solvents ethanol and
methanol did not conform to the linear trend predicted by this
scale (we note that complex 3 is not soluble in water or
1-butanol). This is perhaps not unexpected, as the Dimroth-
Reichardt scale reflects to a significant extent the effect of
hydrogen bonding of the solvent to the solute.>* Therefore, the
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Fig. 10 (a) Wavelength of the lowest energy absorption band of com-
pound 3 as a function of solvent polarity, plotted on the Dimroth—
Reichardt Et scale. Solutions were at a concentration of 1.9 mM for all
samples, with the exception of those taken in acetonitrile and DMF
(both 1.6 mM). (b) A plot of the experimental excitation energies
(obtained from the band maxima given in panel (a)) and the energies of
the S, excited singlet state calculated by TD-DFT (#B97-XD/def2-TZVP/
PCM). The scale has been chosen to allow comparison with Fig. 5. The
red lines in both panels are provided as guides to the eye.

fact that the positions of A,.x in methanol and ethanol pre-
dicted by the Dimroth-Reichardt scale do not agree with the
observed positions of these absorbances serves as evidence
that hydrogen bonding is insignificant for the solvatochro-
mism displayed by complex 3. Indeed, Fig. 10b compares the
experimental excitation energies (AE(experimental), obtained
from the A.x values given in Fig. 10a) with the S, excitation
energies (AE(S,)) calculated for complex 3 on the basis of pure
electrostatic solvation (i.e. in the absence of hydrogen
bonding). When plotted on the same scale as the analogous
data for complex 2 (see Fig. 5), the positions of methanol and
ethanol no longer appear anomalous, but are instead in agree-
ment with what one might expect in the case of purely electro-
static solvation, where hydrogen bonding plays an
insignificant role. Overall, therefore, these data suggest that
complex 3 does indeed constitute a model for the behaviour of
complex 2 but where the effects of hydrogen bonding have
been eliminated.

It is interesting to note that a difference in solvatochromic
behaviour between the catecholate and benzenedithiolate ana-
logues of a transition metal-bipyridine complex such as that
shown by complexes 2 and 3 is not a general phenomenon.
For example, Kumar et al. observed a solvent-dependent shift
in absorbance of 83 nm (from 495 nm in methanol to 578 nm
in chloroform) with [Pt"(2,2"-bipyridine)(o-catecholate)], but
they also found an almost identical shift (76 nm) was obtained
in these same solvents with the dithiolate analogue [Pt"(2,2"-
bipyridine)(3,4-dimercaptotoluene)].*

Having obtained these insights into the factors contribut-
ing to the solvent-dependent absorbance of complexes 2 and
3, we chose to investigate the effects that mixed solvent
systems had on the solvatochromism of complex 2. Fig. 11
shows the outcome of these experiments, where complex 2 was
dissolved in mixtures of ethanol and water (Fig. 11a) and mix-
tures of dichloromethane and methanol (Fig. 11b). In the case
of the ethanol-water mixtures, the absorbance of complex 2
shifts in a linear fashion with the changing nature of the
solvent over the whole range of compositions, indicating that
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tration of complex 2 was 5 mM in all the solvent mixtures investigated.
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there is no preferential solvation of complex 2 by either solvent
(i.e. the composition of the solvent system in the cybotactic
region of the solute is essentially the same as in the bulk).>®>°
In the case of dichloromethane-methanol mixtures, the absor-
bance of complex 2 again shifts in a linear fashion over most
of the compositional range, but there is now some deviation
away from ideal behaviour at high ratios of dichloromethane
to methanol (above 3 :1). This suggests that some preferential
solvation of complex 2 by methanol does indeed occur. This is
perhaps unsurprising given that methanol is a hydrogen bond-
donating solvent and the spectroscopic results described above
show that complex 2 accepts hydrogen bonds through its cate-
cholate oxygen atoms. However, even for these dichloro-
methane-methanol mixtures, the graph remains linear as far
as a ratio of 3:1 dichloromethane to methanol. Hence, within
the linear regions of these graphs at least, there remains the
possibility that the percentage of each solvent in mixtures with
intermediate compositions could be discerned on the basis of
the absorbance of complex 2. Whilst these results are some-
what preliminary, we believe that this concept could be
extended to allow molecular probes incorporating complex 2
to be used to determine solvent compositions on the basis of
colour in a variety of mixed solvent systems.

Conclusions

In summary, we have synthesized three complexes of the type
[Co™(L)(bipyridine),]" (L = o-catecholato, o-benzenedithiolato)
by a general and rapid one-pot reaction route, which is near-
quantitative for the catecholate compounds. Complexes 2 and
3 were previously unreported and display intriguing differ-
ences in their solution-phase UV-vis absorption behaviour.
Specifically, the position of 4, in complex 2 was highly sensi-
tive to the hydrogen bond donation ability of the surrounding
medium, whereas in the benzenedithiolate analogue 3 it was
not. TD-DFT was used to compare the ground and excited state
electronic structures of complexes 2 and 3. Hence it was deter-
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mined that complex 2 hydrogen-bonds to the solvent through
the oxygen atoms on its catecholate ligand. This interaction
removes electron density from the catecholate-based n* orbital,
thereby stabilizing the ground state with respect to the excited
state (which is primarily metal-centred and hence more iso-
lated from the solvent). This has the effect of increasing the
excitation energy in hydrogen bond-donating solvents relative
to those that cannot hydrogen bond. In complex 3 on the
other hand, the sulfur atoms in the chelating benzenedithio-
late ligand are much weaker hydrogen bond acceptors than
oxygen, and so stabilization of the ground state through hydro-
gen bonding to the solvent is effectively eliminated. The
(much smaller) solvatochromic effect that manifests in
complex 3 can be explained on a purely electrostatic basis.
Given the wide range of functionalized bipyridines, catechols
and benzenedithiols that are available, we believe that the syn-
thesis of an enormous diversity of allied complexes should be
possible. In particular, we foresee potential for such com-
pounds to be tailored for use as molecular probes® or solvato-
chromic indicators®® that can give insight into different
solvent and chemical environments by virtue of readily-
observed spectroscopic changes.
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