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ARTICLE INFO ABSTRACT

Eight different Dichloro(bis{Z—[1—(4—R—phenyl)—1H—1,2,3—triaz01—4—yl—KN3]pyridine—KN})iron(II) compounds, 2-9,
have been synthesised and characterised, where group R = CHj (L%), OCH; (L), COOH (L%, F (L®), CI (L%), CN
(L7), H (L8 and CF; (L%). The single crystal X-ray structure was determined for the L® which was complemented
with Density Functional Theory calculations for all complexes. The structure exhibits a distorted octahedral
geometry, with the two triazole ligands coordinated to the iron centre positioned in the equatorial plane and the
two chloro atoms in the axial positions. The values of the Fe'"!' redox couple, observed at ca. —0.3 V versus Fc/
Fc* for complexes 2-9, varied over a very small potential range of 0.05 V. The observation that the different R
substituents have virtually no effect on the values of the Fe'™™ redox couple for all eight complexes 2-9, is
explained by the character of the highest molecular orbitals of complexes 2-9, which do not show any com-
munication of electron density between the various ligands and the metal Fe. However, the HOMOs of the free
ligands L% - L%, display extended mi-character over the entire ligand, explaining the sensitivity of the 'H NMR
C-H-triazole peak, which is dependent on the electron donating/withdrawing power of the R substituent at-
tached to the 2-[1-(4-R-phenyl)-1H-1,2,3-triazol-4-yl]pyridine ligands.
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1. Introduction when constructing more complex chemical compounds for specific ap-

plications, e.g. for medical applications (antimicrobial) [6] or chemical

This study makes use of cycloaddition as synthetic method, an im-
portant strategy for constructing stereochemically complex heterocyclic
compounds, which is a vital area of organic chemistry. Asymmetric [1,2]
cycloaddition reactions, via chiral catalysts complexed to various metals,
have recently been developed as new methods for designing technology
specific complex heterocyclic compounds. Different five-membered ring
systems can be very effectively synthesised via cycloaddition, starting
with 2-atom or 3-atom precursors [1,2]. There are a variety of cycload-
dition methods, e.g. also including 1,3-dipolar cycloadditions, which are
very efficient in synthesising medicinal molecules and complex natural
products [3]. A 1,2,3-triazole structure contains three adjacent nitrogen
atoms with three available substitution sites and is a basic aromatic
heterocyclic compound [4]. 1,2,3-Triazole is a useful building block [5]
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industrial use [7]. In this work a series eight of 1,2,3-triazole chromo-
phores [10] were synthesized though the copper(I)-catalysed azide alkyne
cycloaddition (CuAAC) “click” reaction [8] and then coordinated to iron
(I) to prepare a variety of eight iron complexes 2-9 (Fig. 1), with po-
tential application as photo-sensitizers for potential use in DSSCs. The first
row transition metal Fe was chosen due its general availability and cost
effectiveness as alternative to ruthenium metal [9], which is currently
popular in dye solar cell research. For future evaluation of the compounds
to be used as dyes in DSSCs, a detailed knowledge of their structure and
properties is essential. The properties and characterisation of the chro-
mophore ligands and their iron complexes, schematically shown in Fig. 1,
are presented and discussed, including the crystal structure for 3, as well
as computational chemistry and electrochemistry results.
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Fig. 1. Structure of the 1,2,3-triazole free ligands (L%-L%) and their respective
iron complexes (2-9), where substituent R = CHj (L%) [20], OCH3 (L*), COOH
(LY, F (LY, Cl (L%, CN (L”), H (L®) and CF; (L%).

2. Methods and materials
2.1. Synthesis of (1,2,3-triazol-4-yDpyridine ligands

The (1,2,3-triazol-4-yD)pyridine free ligands (L — L°) were synthe-
sised and characterised, as has been described previously for L* — L°
[10], L? [11], L% [12-14], L° [15], L% [16-18], see the reaction scheme
in Scheme 1.

2.2. Synthesis of (1,2,3-triazol-4-yDpyridine ligand iron(II) complexes

The general approach for the synthesis of all the iron(II) complexes
was carried out according to a standard literature procedure, with small
modifications as required [17]. For iron(II) complexes 2, 3, 5-9, an
appropriate amount of ferrous chloride (1 equiv. ca 3 mmol) was dis-
solved in methanol (10 ml) and added dropwise to a solution of the
ligand (2 equiv. ca 6 mmol) in CH,Cl, (10 ml). The mixture was stirred
at room temperature (RT) for 8-10h, the solvent was removed under
vacuum, the solid mass recovered and washed with several volumes of
cold methanol and diethyl ether. Due to the poor solubility of the
carboxylic group containing ligand L*, the synthesis was changed as
follow for complex 4: ferrous chloride (1 equiv. ca 3 mmol) was dis-
solved in methanol (10 ml) and added dropwise to a solution of the
ligand (2 equiv. ca 6 mmol) in DMSO (10 ml). The reaction mixture was
stirred at RT for 10 min and then allowed to reflux for 24 h. The solvent
was reduced in volume by a half under vacuum distillation and crushed
ice was added to the solution. The precipitate was filtered before being
washed twice with cold methanol and then diethyl ether. A similar poor
solubility was reported for ligand btp, which is 2,6-bis(1-(4-(carboxy)
benzyl)-1,2,3-triazol-4-yl)pyridine [19]. These methods proved very
satisfactory and provided good yields, ranging from 73 to 83% (see
below for exact yields). The reaction for 2, 3, 5-9 is represented in
Scheme 2. The characterisation data of the paramagnetic Fe(II) com-
plexes are given below.

CuS0O,4 5H,0/Na-ascorbate
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2.2.1. Characterisation of dichloro(bis{2-[1-(4-methylphenyl)-1H-1,2,3-
triazol-4-yl-kN®Jpyridine-k<N})iron(Il), complex 2 (containing L? with
R = CH3) [20]

Yield 83%, mp. 308-310 °C. IR: v (cm ~!): 3063, 3047, 3025, 1605,
1595, 1571, 1522, 1473, 1448, 1267, 1258, 1063, 1054, 1015, 1004,
886, 815, 786, 553. UV-Vis (DMSO) Apax: The Fe(Il) complex showed
absorption bands at 259 nm, emax = 65500 dm®mol 'em ™, 287 nm,
€max = 52000 dm®mol " lem ™!, 326 nm, emay = 4783 dm®mol ~lem Y,
908 nm, £max = 85dm>®>mol ~'em ™!, HRMS TOF (ESI+) (water: acet-
onitrile = 1:3) with the highest molecular weight ion peak matching,
was observed at m/z = 563.1135 (80%) and is attributed to [Fe
(L?),Cl,] — Cl1*. The calculated value for [(CogH,4NgFeCD1* is
563.1162. g = 5.26B.M. Elemental Anal. Calc. for CogH4NgCloFe: C,
56.1; H, 4.0; N 18.7. Found: C, 56.0; H, 4.1; N 18.8%.

2.2.2. Characterisation of dichloro(bis{2-[1-(4-methoxyphenyl)-1H-1,2,3-
D'iazol—4—yl-KN3]pyridine—KN})iron(H), complex 3 (containing L? with
R = OCH3)

Yield 83%, mp. 308-310°C. IR: v (cm™1): 3054, 3032, 3012, 2965,
2865, 2838, 1606, 1571, 1518, 1469, 1448, 1289, 1261, 1182, 1065,
1055, 1017, 1002, 979, 858, 825, 786, 719. UV-Vis (DMSO)
Amax: The Fe(ll) complex showed absorption bands at 256 nm,
€max = 35500 dm®mol ~*em ™!, 291 nm, g0 = 17500 dm®mol ~'em ™,
333nm, emax = 3810dm®mol 'em ™!, 922nm, epa = 65dm®mol !
cm ™!, HRMS TOF (ESI+) (water: acetonitrile = 1:3) with the highest
molecular weight ion peak matching, was observed at m/z = 595.1055
(88%) and is attributed to [Fe(L®),Cl,] — Cl1*. The calculated value for
[(C2sH24CIFeNgO,)] T is 595.1060. pog = 5.07B.M. Elemental Anal. Calc.
for CogHo4NgCl,05Fe: C, 53.3; H, 3.8; N 17.8. Found: C, 53.0; H, 3.71; N
17.5%.

2.2.3. Characterisation of dichloro(bis{4-[4-(pyridin-2-yl-kN)-1H-1,2,3-
triazol-l-yl-KNBJbenzoic acid})iron(Il), complex 4 (containing L* with
R = COOH)

Yield 73%, mp. 348-350 °C. IR: v (cm™Y): 3085, 1724, 1604, 1589,
1514, 1471, 1450, 1406, 1372, 1254, 1173, 1104, 1055, 1018, 1004,
978, 857, 774. UV-Vis (DMSO) Apax: The Fe (II) complex showed ab-
sorption bands at 258 nm, eyax = 181600 dm®mol ™ 'em™?!, 291 nm,
€max = 86500 dm® mol " 'em !, 332 nm, ey = 7053 dm®mol " lem L.
HRMS TOF (MALDI) with the highest molecular weight ion peak
matching, was observed at m/z = 623.1 (100%) and is related to [Fe
(LH,Cl,] — CI1*. The calculated value for [CogHooNgFeO,Cl]™ is
623.100. pegr = 5.1B.M. Elemental Anal. Calc. for CogH5oNgCly04Fe: C,
51.0; H, 3.1; N 17.0. Found: C, 51.3; H, 2.9; N 16.8%.

2.2.4. Characterisation of dichloro(bis{2-[1-(4-fluorophenyl)-1H-1,2,3-
D'iazol—4—KN3]pyridi1w—1cN})iron(H), complex 5 (containing L° withR = F)

Yield 75%, mp. 258-260 °C. IR: v (em™1): 3065, 3041, 3026, 1605,
1578, 1515, 1472, 1453, 1412, 1333, 1239, 1258, 1159, 1061, 1015,
1005, 979, 837, 788, 718. UV-Vis (DMSO) Anax: The Fe(Il) complex
showed absorption bands at 257 nm, gp.x = 69630 dm®mol " lem ™},
286 Nm, £ax = 3111 dm®mol ~em ™!, 329 nm, e,y = 3380 dm®mol !
cm ™. HRMS TOF (MALDI) with the highest molecular weight ion peak

N—N

= N\XN
| ~N
N
AN
N % +

CH,Cly/H,O-tert-BuOH
RT, 24 h

2-ethynylpyridine 1-azido-4-R-benzene

-

2-pyridyl-1,2,3-triazole ligand

Scheme 1. Preparation route for the 2-pyridyl-[1-3]-triazole free ligands (L>-L°) from an azide and alkyne by the Cu(l) catalyzed “click” reaction where substituent
R = CH; (L?), OCH; (L%), COOH (L%, F (L%), Cl (L®), CN (L), H (L®) and CF5 (L°).
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FeCl, + CH;0OH

CH,Cl,
RT, 8-10 h

R

2-pyridyl-1,2,3-triazole ligand
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Scheme 2. Synthesis of the various eight [Fe(L™),Cl,] complexes (where n = 2-9) from the ligands, L, — Lo. Substituent R = CHs (Lz), OCH; (L%), COOH (L"), F (LY,

Cl (L%, CN (L7), H (L8) and CF3 (L°).

matching, was observed at m/z = 571.0635 (35%) and is assigned to [Fe
(L®),Cly] — Cl1*. The calculated value for [CogH;gFoNgFeCl]™ is
571.0660. peg = 4.87B.M. Elemental Anal. Calc. for CysH;gNgCloFoFe: C,
51.4; H, 3.0; N 18.5. Found: C, 51.6; H, 2.8; N 18.2%.

2.2.5. Characterisation of dichloro(bis{2-[1-(4-chlorophenyl)-1H-1,2,3-
Uiazol-4-yl-/cN3]pyridine-KN Viron(Il), complex 6 (containing L° with
R=CD

Yield 79%, mp. 258-260 °C. IR: v (cm™1): 3051, 3023, 3005, 1606,
1591, 1570, 1502, 1472, 1448, 1405, 1267, 1257, 1151, 1134, 1095,
1061, 1052, 1013, 1003, 977, 860, 825, 808, 789, 711. UV-Vis (DMSO)
Amax: The Fe(Il) complex showed absorption bands at 258 nm,
€max = 58571 dm®mol " lem™!, 287nm, e = 47143 dm®>mol !
cm™!, 332nm, ema. = 4060dm®mol "lem™!, 386nm, emay
2020 dm® mol~'em~'. HRMS (ESI+) (water: acetonitrile = 1:3) with
the highest molecular weight ion peak matching, was observed at
m/z = 603.0050 (75%) and is related to [Fe(L),Cl,] — Cl]*. The cal-
culated value for [CysHigNgFeCls]t is 603.0069. eg = 5.10B.M.
Elemental Anal. Calc. for CysH,gNgCl4Fe: C, 48.8; H, 2.8; N 17.5.
Found: C, 49.0; H, 3.0; N 17.3%.

2.2.6. Characterisation of dichloro(bis{4-[4-(pyridin-2-yl-xN)-1H-1,2,3-
Lriazol—l—yl—KN3]benzonilTile})iron(II), complex 7 (containing L7 with
R =CN)

Yield 83%, mp. 308-310 °C. IR: v (cm™1): 3071, 3057, 3025, 3012,
2233, 1604, 1591, 1572, 1514, 1471, 1451, 1410, 1287, 1258, 1259,
1140, 1061, 1052, 1016, 1006,977, 846, 787, 717. UV-Vis (DMSO)
Amax: The Fe(Il) complex showed absorption bands at 256 nm,
emax = 138750 dm®mol " 'em™?!, 289nm, ega = 56250 dm®mol !
cm ™!, 950 nm, €% = 45 dm® mol ~'em™!. HRMS TOF (ESI+) (water:
acetonitrile = 1:3) with the highest molecular weight ion peak
matching, was observed at m/z = 585.0738 (70%) and is assigned to
[Fe(L7),Cl,] — Cl]™". The calculated value for [CgH;sN;oClFe]™ is
585.0754. L = 4.26B.M. Elemental Anal. Calc. for CogH1gN10CloFe: C,
54.1; H, 2.9; N 22.6. Found: C, 54.4; H, 3.1; N 22.6%.

2.2.7. Characterisation of dichloro{bis[2-(1-phenyl-1H-1,2,3-triazol-4-yl-
«N®]pyridine-«xN] }iron(II), complex 8 (containing L® with R = H)

Yield 81%, mp. 336-338 °C. IR: v (ecm™Y): 3064, 3053, 3026, 3009,
1606, 1594, 1575, 1504, 1471, 1444, 1267, 1259, 1063, 1054, 1016,
1004, 977, 913, 861, 815, 785, 756, 725, 686. UV-Vis (DMSO) Anax:

The Fe(Ill) complex showed absorption bands at 258nm,
€max = 62593dm®mol 'em ™!, 286nm, ena = 32963 dm>mol *
em™), 333nm, ema = 52917dm®mol lem™!, 522nm, emax =

377

190dm®mol " lem ™!, 756nm, e = 885dm®mol " 'em~!. HRMS
TOF (ESI+) (water: acetonitrile = 1:3) with the highest molecular
weight ion peak matching, was observed at m/z = 535.0835 (60%) and
is related to [Fe(L®),Cl,] — Cl]*. The calculated value for
[C26H20NgCIFe] ™ is 535.0849. L = 4.66B.M. Elemental Anal. Calc.
for Cy6HyoNgClyFe: C, 54.7; H, 3.5; N 19.6. Found: C, 54.5; H, 3.8; N
19.6%.

2.2.8. Characterisation of dichloro[bis(2-{1-[4-(trifluoromethyl)phenyl]-
1H—1,2,3—triazol—4—KN3]pyridine—KN)]iron(II), complex 9 (containing L
with R = CF3)

Yield 83%, mp. 274-276 °C. IR: v (cm ~1): 3063, 3047, 3025, 1605,
1595, 1571, 1522, 1473, 1448, 1267, 1258, 1060, 1049, 1015, 1005,
886, 815, 786. UV-Vis (DMSO) Ayax: The Fe (II) complex showed ab-
sorption bands at 258 nm, enax = 58947 dm® mol 'cm ™!, 288 nm,
Emax = 48947 dm® mol " 'em 1, 326 nm, £, = 4511 dm®mol " em Y,
566 Nm, €max = 461 dm®>mol 'em ™!, 590 nm, emay = 453 dm>mol !
cm ™! respectively. HRMS TOF (MALDI) with the highest molecular
weight ion peak matching, was observed at m/z = 671.1 (100%) and is
attributed to [Fe(L®),Cl,] — Cl]". The calculated value for
[C2gH15CIFgNgFe] © is 671.100. peg = 4.72B.M. Elemental Anal. Calc.
for CogH;gNgClyFeFe: C, 47.6; H, 2.6; N 15.9. Found: C, 47.7; H, 2.3; N
15.7%.

2.3. Instrumental conditions and measurement parameters

Infrared (ATR-FTIR IR) spectra were recorded using a smart dia-
mond ATR attachment on a Thermo-Nicolet FT-IR Spectrometer
(AVATAR 320), over a range of 4000-400 cm ™!, Mass spectra were
performed at EPSRC Mass Spectrometry Service Centre, University of
Wales, Swansea and University of Sheffield. The instrument used was
the ‘WATERS LCT premier’, the solvent was water/acetonitrile (1:3),
while the ionisation was electrospray (ESI+ and ES—). Thermofisher
LTQ Orbitrap XL, used to analyse volatile molecules in the mass range
of m/z 50-2000 or m/z 200-4000 Daltons. UV-Vis spectra were ob-
tained on a PerkinElmer Lambda 40 UV/Vis spectrometer. Each sample
(1 X 107°M) was analysed using a constant blank of acetonitrile. A
pair of identical quartz cells with a path length of 1 cm were used to
reduce the interference from the cells themselves. Further spectra was
obtained for specific complexes at a concentration of 1x10 > M when
some absorbance was visible albeit at a very low level. The absorbance
was measured over a wavelength range of 250 nm-900 nm.
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2.4. Magnetic susceptibility

Magnetic susceptibility of the complexes was measured with a Gouy
magnetic susceptibility balance. The gram magnetic susceptibility for a
substance is calculated from:

X = (Coa) D(R-R,)/(107)(m)

where 1= height of sample in the tube in units of centimeters,
m = mass of the sample in units of grams, R = reading for tube plus
sample, R, = reading for the empty tube and Cy,,; = balance calibration
constant = 1.0. The molar magnetic susceptibility is then calculated
from the gram magnetic susceptibility using the following equation.

Xm = ()(g) (molar mass)

The effective magnetic moment for a particular substance is calcu-
lated from the molar magnetic susceptibility [21] using the following
equation (T represents the Kelvin temperature (294 K)):

foy = 283 [0g) (D2

2.5. X-ray diffraction

The crystal of complex 3 [Fe(L®),Cl,] with ligand L3 (where
R = OCHj) suitable for a single crystal diffraction data collection, was
obtained by slow evaporation in a hot mixture of a
DMSO:acetonitrile = 1:9 solution, under ambient conditions. Single
crystal X-ray diffraction data were collected using a Rigaku Saturn
724 + area detector, mounted at the window of an FR-E + rotating
anode generator, with wavelength Mo Ka, A = 0.71075 A [22]. The
crystals were mounted on a Mitegen loop and data was collected at
100 K, under nitrogen flow from an Oxford Cryosystems Cobra device.
The structures were solved by direct methods, using the program
SHELXS-97 within OLEX2 [23]. All refinements on F,2 by full-matrix
least squares refinement, were performed using the SHELXL-97 pro-
gram package [24] within the OLEX2 software. All non-hydrogen atoms
were refined with anisotropic atomic displacement parameters, and
hydrogen atoms were added at calculated positions and included as part
of a riding model vgith C-H (aromatic) 0.95A Uiso = 1.2U¢q (C); and
C-H (methyl) 0.98 A Ujso = 1.5U¢q (C) [57]. A perspective drawing of
the molecular structure of complex [Fe(L®),Cl,1, showing the atom
numbering scheme, is shown in Fig. 6. Crystallographic data is pre-
sented in Table 1, with selected bond lengths ([o\) and bond angles (°)
listed in Table 2. Additional crystallographic data are available free of
charge from the Cambridge Crystallographic Data Centre (Deposition
number CCDC 1585946).

2.6. Cyclic voltammetry

Cyclic voltammetry measurements [25] were performed on
0.05 mmol dm ~ 2 or saturated compound solutions, in dry acetonitrile/
DMSO solution (Aldrich, Biotech grade 99.93+ % purity, anhydrous,
kept under purified argon), under a blanket of purified argon at 25 °C,
utilizing a BAS 100B/W electrochemical analyzer. Due to the poor so-
lubility of the compound in acetonitrile, each of the eight complexes
was first dissolved in 0.5 ml DMSO, after which 1.5 ml acetonitrile was
added. The supporting electrolyte was 0.1 moldm ™2 tetra-n-buty-
lammonium hexafluorophosphate, ("BuyN)(PFs) (Fluka electrochemical
grade). A three-electrode cell, with a glassy carbon (surface area
7.07 x 10~ °m?) working electrode, Pt auxiliary electrode and a Ag/
Ag™ (0.010 mol dm~3 AgNO; in CH3CN) reference electrode [26],
mounted on a Luggin capillary, was used [27,28]. All temperatures
were kept constant, within 0.5°C. Successive experiments under the
same experimental conditions showed that all reduction and formal
reduction potentials were reproducible within 0.005V. All cited po-
tentials were referenced against the Fc/Fc™ couple, as suggested by
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Table 1
Crystallographic data for complex [Fe(L),Cl,] (with group R = OCHs
on ligand L3).

Empirical formula CygH,4Cl,FeNgO,
M, 631.30

Temp/K 100(2) K

Cryst. syst. Monoclinic
Space group P2,/c

a/A 10.3599(7)

b/A 13.1029(8)

c/A 10.2300(6)

a/ 90.00

B 96.161(7)

v/ 90.00

V/A? 1380.65(15)

z 2

Rint 0.0387

Dealea/g cm ™2 1.519

Refln (all/ind/obsd) 6581/3143/2754

w/mm~?! 0.783
R1 (obsd data: F> > 20(F%))* 0.0398
wR2 (all data)® 0.1063

Table 2
Selected bond lengths (A) and bond angles (°) for complex [Fe(L®),Cl,] (with
R = OCHy).

Bond distance (A) Bond angles (°)

C7-Cl11 1.375(3) Nepyridine) 1-Fe-N (pyridine) 1 180
N8-N9 1.311(2) N (riazote) 1'=Fe-N (riazote) 1 180
N9-N10 1.354(2) Nepyridine) 1-Fe-N (rriazote) 1’ 104.10(6)
N8-C7 1.360(2) Npyridine) 1-Fe-N (igzote) 1 75.90(6)
Fe-N(pyridine) 1 2.2018(15)  Nipyridine) 1-Fe=Cl 1 89.80(4)
Fe-Nriazole)1 2.1838(16) Nipyridine) 1'-Fe-Cl 1 90.20(4)
Fe-Cl 1 2.4456(5) N (riazoley 1'—Fe-Cl 1 90.20(4)
N (riazotey 1-Fe=Cl 1 89.80(4)
Cl1 -Fe-Cl 1 180

! Symmetry transformation used to generate equivalent atoms —x + 1,
-y+1, —z

IUPAC [29]. Ferrocene exhibited a formal reduction potential of
E” =0.090V Vs. Ag/Ag™, a peak separation of
AE;, = Ep, — E,. = 0.070V, as well as a ratio i,c/ip, = 0.99 under our
experimental conditions. E,, (Ep.) = anodic (cathodic) peak potential,
and i, (ipc) = anodic (cathodic) peak current. E” (Fc/Fct) = 0.400V
vs. NHE [30], and SCE = 0.244V vs. NHE.

2.7. Theoretical approach

Density functional theory (DFT) calculations were performed via the
B3LYP functional, as implemented in the Gaussian 09 package [31],
using the triple-{ basis set 6-311G(d,p). The ligands L2 — L8, as well as
the complex [Fe(L®),Cl,], with R = H on ligand L8, were optimized. The
possible spin states of [Fe(L®),Cl,] (S =0, 1 or 2) and the cation [Fe
(L3,Cl,1 " (S = ¥, 3/2 or 5/2) were optimized to determine the ground
state of the Fe(Il) complexes of this study. Natural bonding orbital
(NBO) calculations [32-35] were performed on the optimised structure
of ligand L8 via the NBO 3.1 module [36] in Gaussian 09, at the same
level of theory.

3. Results and discussion
The (1,2,3-triazol-4-yl)pyridine ligands (L> — L°) chosen for this

study, contain both electron donating (R = CHz, OCH3) as well as
electron withdrawing groups (R = F, Cl, CN, CF3, COOH).
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3.1. Properties of (1,2,3-triazol-4-yl)pyridine free ligands L? — L°

The synthesis of the (1,2,3-triazol-4-yl)pyridine free ligands (L2 —
L°) were undertaken, using the copper(I)-catalysed azide alkyne cy-
cloaddition (CuAAC) “click” reaction [1,2], which involves the gen-
eration of a five membered triazole ring between an aryl azide and an
aryl alkene as shown in Scheme 1.

The 'H- and 3C NMR spectra for each ligand L2 - L° were assigned
in comparison with spectra of previously reported triazoles [9,37], and
supported by 2-dimensional spectra (‘"H-'H COSY and '3C-'H HMQC),
to confirm the proposed assignments. The chemical shift (8) of the
'H—(C-H) and '*C NMR (=CH) of the triazole moiety have been ta-
bulated in Table S1, for ligands 1> to L°. The effect of the electron
withdrawing substituents on the phenyl ring, manifested itself in shifts
of the C-H-triazole peak of the 'H-1,2,3-triazole system, which was
observed in the range between 8.54 and 9.46 ppm in the 'H NMR
spectra, and between 119.69 and 120.48 ppm in the *C NMR spectra of
ligands 1% to L°. The good communication between the different sub-
stituents R on the phenyl group and the rest of the ligand, results in a
linear trend between the shift of the §(C-H) triazole peak of the 1H-
1,2,3-triazole system and the para Hammett constant of the R group,
see Fig. 2.

The calculated density functional theory (DFT) optimised geome-
tries of ligands L? to L°, showed that the lowest energy geometry of
each ligand has the NH of the triazol ring syn to the pyridine nitrogen,
in agreement with experimental crystal structures of (1,2,3-triazol-4-yl)
pyridine ligands [38]. This preferred orientation can be explained by
the stabilisation interaction between the lone pair on Ny;j,,01, LP(N), and
the antibonding orbital of (C-H)pyridine, BD'(C-H). For ligand 8 (with
R = H on L?), for example, the lone pair LP(N) with natural bond or-
bital (NBO) occupation of 1.928 e, donate electron density to the
empty antibonding orbital BD"(C-H), with NBO occupation 0.014 e~
The NBO calculation of ligand 7 detected this interaction with a second
order perturbation energy of 0.5 kJ-mol ~'; see Fig. 3 for a visualisation
of this interaction.

Although all crystal structures of (1,2,3-triazol-4-yl)pyridine ligands
have the NH of the triazol ring in a syn position to the pyridine nitrogen,
coordination to a metal instead occurs with the nitrogen from the
pyridyl and nitrogen group of the 1,2,3-triazole unit (see next unit),
unless the Niaz01e iS blocked, for example by having a CH3 group at-
tached to it (example CSD reference codes DUSLIO, JOCFAK, JOCFIS,
ZOLPUN, WATWOF). This implies that the pyridine group needs to
rotate before coordination to a metal can occur. DFT calculations show

8.8 1
y =0.19x + 8.58
Rz=0.84 CF, .
x 8.71 oS
= ,- CN
2 H ’/
T g6 ® .
CH, .e (I
I.,
8.5 - N.Hj//
2 ® OCH,
8.4 —
-1.00 0.00 1.00

op (Hammett)

Fig. 2. Relationship between the §(C-H) triazole peak of the 'H-1,2,3-triazole
system and the para Hammett constant of the R group of the 2-pyridyl-1,2,3-
triazole ligands L* — L°. R group is shown on the graph. Data is given in Table
S1. Data (not shown) of ligand with substituent R = COOH (L% did not fit the
trend.
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Fig. 3. Optimised geometry of ligand 8 (with group R = H on L), showing the
LP(N) — BD"(C-H) NBO interaction. Colour code of atoms (online version): N
(blue), O (red), CI (green), C (black), H (white). (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 4. Potential energy surface scan along the N1raz0-C2-C3-N4yrigine dihe-
dral angle of ligand 8 (with group R = H on L).

that the energy barrier, upon rotation from the optimised syn to the
optimised anti geometry of ligand 8 (with R = H on L®), is only 0.38 eV
(36 kJmol ™! or 8.7 kcal mol ~ 1), which is ca. three times the C-C bond
rotation barrier of ethane [39], see Fig. 4.

The highest occupied molecular orbitals (HOMOs) of the ligands
show extended m-character, which expands over the whole ligand
(Fig. 5), explaining the sensitivity of the '"H NMR C-H-triazole peak on
the electron donating/withdrawing power of the various R substituents
on the 2-[1-(4-R-phenyl)-1H-1,2,3-triazol-4-yl]pyridine ligands.

3.2. Characterisation of the Fe-ligand complexes

Complex formation of the bidentate (1,2,3-triazol-4-yl)pyridine li-
gands with iron occur with the pyridyl 1,2,3-triazole nitrogens (Scheme
2). The complexes were prepared in a 1:2 mol ratio of iron : ligand and
were characterized by different techniques, such as FT-IR, MS, NMR,
UV-Vis, melting points, electrochemistry and computational chemistry
calculations. The IR spectra of the Fe compounds exhibited bands with
appropriate shifts, due to complex formation. This indicates coordina-
tion of the nitrogen from the C=N pyridine moiety, to the iron atom.
The coordination mode is determined by the X-ray molecular structure
analysis of a crystal of complex 3 [Fe(L®),Cl,], with substituent
R = OCH; on L3, as a representative example of complexes 2 to 9. The
experimentally measured magnetic moments for complexes 2-9 are
5.26, 5.07, 5.1, 4.87, 5.10, 4.26, 4.66, 4.72B.M. respectively, consistent
with high spin S =2 iron(II) complexes. Some iron(II) compounds
containing 2-pyridyl-1,2,3-triazole ligands are reported to be low
spin [40] and other high spin at room temperature, and some exhibit
spin crossover properties [41]. For example, certain iron(Il)
complexes with ferrocene-containing triazole-pyridine ligands, trans-
[Fe(Fctzpy)o(NCX),]-CHCl; (Fe-tzpy = 4-(2-pyridyl)-1H-1,2,3-triazol-1-
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9 2
v ¥ )
9 B 9 9

Ligand 3, R = OCH, (electron donating)

W )
9 ¢ 9 9

Ligand 6, R = ClI (electron withdrawing)

Fig. 5. HOMOs of the indicated ligands (with group R = OCHj3 on L3 group R = Cl on L%). Colour code of atoms (online version): N (blue), O (red), Cl (green), C
(black), H (white). A contour value of 30 e/nm? has been used to generate the orbital plots. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

ylferrocene, X = S (1’) and X = Se (2)) exhibit spin crossover display
thermal- and light-induced spin crossover properties. The crystal
structure of both 1’ (X = S) and 2’ (X = Se) at 275K is consistent with
the iron(Il) ion in the high-spin state while the crystal structure of 2’
(X = Se) at the low temperature of 120 K is consistent with the iron(II)
ion in the low-spin state [42].

3.2.1. X-ray structure of complex 3 [Fe(L®),Cl,] with substituent
R = OCH;z on L2

A perspective drawing of the molecular structure of complex [Fe
(L%),Cl,] (with substituent R = OCH; on L3), including the atom
numbering scheme, is shown in Fig. 6. Crystallographic data is pre-
sented in Table 1, with selected bond lengths (A) and bond angles (°)
listed in Table 2. Complex 3, [Fe(L*),Cl,]1, crystallises in the monoclinic
P2,/c space group. The iron centre in [Fe(L®),Cl,] is in a distorted
octahedral coordination arrangement, which includes two of the 2-(1-
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(4-methoxy-phenyl)-1H-1,2,3-triazol-4-yl)  pyridine ligands, co-
ordinated via the N8izo1 and N1,yidine atoms from the two ligands L3,
to the iron centre. The iron atom lies on an inversion centre with the
asymmetric unit containing the iron, a chloride and one ligand and so
the iron coordination requirement is completed by this symmetry op-
eration. Theg Ni—Nlpyﬂdine,° Ni-N8iazol andQNi—Cl bond lengths are
2.2018(15) A, 2.1838(16) A and 2.4456(5) A respectively. The iron-
triazole bond length is ca. 0.02 A shorter than the iron-pyridine bond
length. Atoms N8°-Fe-N1°® (N(pyridine) 1-Fe-N (riazoley) lie in the
equatorial plane, at an angle of 75.90(6)°. The inversion symmetry
means that the N1yridine; N8riazol and Cl1 are trans to their symmetry
equivalents with bond angles e.g. N8°9-Fe-N8i®? of 180.0°. The N8-N9,
N9-N10 and N8-C7 bond lengths of the 1,2,3-triazole ring are
1.311(2) f\, 1.354(2) A and 1.360(2) A respectively, and are essentially
the same as the corresponding bond lengths in the free ligand (L%), of
N8-N9 1.307(4) A, N9-N10 1.366(6) A and N8-C7 1.362(5) A [10].

Fig. 6. A perspective drawing of the molecular
structure of complex [Fe(L*),Cl,] (with group
R = OCHj; on ligand L*), showing the atom num-
bering scheme. The asymmetric unit contains one
half of the complex, with the Fe site lying on an
inversion centre, with the other ligand and CI atom
being generated by inversion symmetry.
Displacement ellipsoids are drawn at 50% prob-
ability level.
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4118’ 2,

The pyridine ring and the plane through the triazole ring are coplanar
with an angle between them of 0.66°, while the plane through the
substituted phenyl ring has an angle of 12.04° with the latter. A trans
orientation of the triazole ligands in the same plane, with the Npyrigine
and Nyaz01 donors trans to each other, has recently been found for oc-
tahedral [Ni(L*),Cly] [20], [Zn(L?),Cly] [20], [Co(L*)2Cly] [43], [Ni
(L3)2C12] [43] and in a related octahedral nickel complex containing
two 1-(cyclohexyl)-4-(2-pyridyl)-1,2,3-triazole ligands and two trans
bromo atoms [44]. A further example is the square planar Pd(II) com-
plex with two 4-(2-Pyridyl)-1-phenyl-1H-1,2,3-triazole ligands [45].
However, in octahedral [Mn(L%),Cl,] [43], the two chloro ligands are
adopting the cis positions around the Mn centre.

Several weak intermolecular hydrogen bonding and m...;t interac-
tions lead to a 3D supramolecular structure, see Fig. 7. Weak in-
tramolecular hydrogen bonding interactions, C11-H11.-Cl and
C17-H17---Cl involving the chloro moieties, as well as C18-H18---N9
involving the methoxy group, are present with H...Acceptor distances
for H11---Cl (2.563 A) and H17---Cl (2.867 A) which are well below the
sum of the Van der Waals radii of H and Cl (3 A) [46]. The in-
tramolecular H18---N9 distance of 2.632 A is quite long, but still shorter
than the sum of their Van der Waals radii (2.75 10\), and is comparable
with other published results [47,48]. The triazole C;NgNgN;10C1; and
pyridine N;C»C3C4CsCg rings stack in a face-to—face parallel manner,
exhibiting a centroid—centroid distance of 3.566 A and plane to centroid
distance of 3.404A. The phenyl C;5C;13C14C15C16C17 and triazole
C7NgNgN10Cyq rings of the neighboring molecules are separated by
4.116 A, with a 3.487 A plane to centroid distance, which is indicative
of a slipped-type parallel alignment, see Fig. 7. These distances are
comparable to previously reported bond separations typical of m...w
stacking [49] triazole rings.

3.2.2. DFT study of the Fe-complexes

Five geometrical isomers, three cis and two trans, are possible for
each of the eight Fe complexes of this study, containing two (1,2,3-
triazol-4-yl)pyridine ligands and two chloride atoms attached to the
iron centre. The five isomers for complex [Fe(L®),Cl,], with R = H on
ligand L8, are shown in Fig. 8. The d® [Fe(L),Cl,] complexes of this
study are high spin complexes with a tggeé ground state [50]. This is
confirmed by the experimentally measured magnetic moment of
5.07B.M for complex 3. To confirm the spin state of S = 2, the five
isomers of [Fe(L®),Cl,] were each optimized for all the possible spin
states of a d® complex (namely S = 0, 1 or 2). The relative energies
given in Table 3 clearly show, in agreement with experiment, that [Fe
(L3,Cl,] is high spin with S = 2. The two lowest energy isomers, one cis
and one trans, are the isomers with the pyridine groups positioned trans
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Fig. 7. Partial packing of [Fe(L*),Cl,], showing in-
termolecular hydrogen bonding interactions
(C-H---Cl and C-H---N) and =---% stacking distances
(A), involving the triazole — pyridyl and phenyl —
triazole rings.

to each other. The lowest energy isomer is the same trans isomer as has
been obtained experimentally for complex [Fe(L®),Cl,], with R = OCHj
on ligand L3,

Complexes 2 to 9 of this study are d® Fe(Il) complexes, with the
ligands arranged in a distorted octahedron geometry around Fe(Il).
Evaluation of the frontier orbitals of the DFT optimised complex 8,
shows that the HOMO is 98% d, Fe based, see Fig. 9 top. The first
electron to be removed upon oxidation of the Fe(II) complex, will thus
be a Fe dy, electron from the HOMO, with the formation of Fe(III). The
character of the LUMO of oxidized 8 (93% dy, Fe), the orbital from
which the electron was removed upon oxidation (Fig. 10 bottom),
confirms that oxidation of 8 is iron metal based. The HOMO of oxidized
8 (Fig. 10 top), however, has 58% chloride character, suggesting that
the next oxidation (experimentally observed at c.a. 0.7 V versus Fc/Fc ™)
involves chloride. The LUMO of the neutral complex 8 is (1,2,3-triazol-
4-yl)pyridine ligand based. Reduction of 8 is therefore also (1,2,3-
triazol-4-yDpyridine ligand based. It is not expected that electron
withdrawing or donating R substituents will have a large influence on
the value of the Fe"™ redox couple, since the HOMO does not have any
ligand character whatsoever, that could transpose any electron density
via conjugation from the R substituent to Fe.

3.2.3. Electrochemistry of the eight Fe-complexes

The cyclic voltammograms of the eight Fe(II) - (1,2,3-triazol-4-yl)
pyridine complexes, 2-9, all show the following electrochemical peaks:
a small chemical reversible redox couple at ca. —0.3V versus Fc/Fc*,
two or more irreversible reduction peaks below —1.5V versus Fc/Fc™*,
and an irreversible oxidation peak at ca. 0.7 V versus Fc/Fc™, see Fig. 11
(left). The chemical reversible redox couple at ca. —0.3 V versus Fc/Fc*
is assigned to the Fe™™ redox couple, based on the character of the
HOMO of these complexes, as described in the previous section. The
large irreversible oxidation peak at ca. 0.7 V versus Fc/Fc* is assigned
to the chloride oxidation, based on the character of the HOMO of the
oxidised complexes (cations), as also described in the previous section.
A value of c.a. 0.7 V versus Fc/Fc* for coordinated chloride oxidation,
agree quantitatively with chloride oxidation, since the standard oxi-
dation potential C1~ is 1.34 V versus NHE, i.e. (1.34-0.244) V=1.1V
versus SCE, or (1.1-0.525) V = 0.58 V versus Fc/Fc™).

The first observed reduction is assigned to the reduction of the
(1,2,3-triazol-4-yl)pyridine ligand, based on the character of the LUMO
of the neutral complexes. A graph of the cyclic voltammograms (CVs) of
the chemical reversible Fe™™ redox couple at ca. —0.3V versus Fc/
Fc*, is given in Fig. 11 (right). The values of the Fe"™ redox couple are
electrochemically irreversible (meaning large oxidation and reduction
peak separations) and vary over a very small potential range of ca.
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Fig. 8. DFT optimized geometries for the two trans and three cis geometrical isomers possible for complex [Fe(L®),Cl,] (with R = H on ligand L8). The trans (¢) and cis
(c) assignment is according to the relative positions of (1) Cl, (2) Nisjazote and (3) Npyrigine- Colour code of atoms (online version): Fe (purple), Cl (green), N (blue), C
(black), H (white). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
Relative energies (eV) for the different spin states and geometrical isomers of
[Fe(L*)Cl].
Isomer” S Electronic energy E (eV)® Gibbs energy G (eV)
ctc 0 1.11 1.35
cce 0.88 1.12
cct 0.63 0.88
ttt 0.61 0.83
tcc 0.89 1.12
ctc 1 1.18 1.26
ccc 0.97 1.07
cct 0.78 0.88
ttt 1.95 2.09
tcc 0.91 0.98
ctc 2 0.48 0.44
ccc 0.27 0.26
cct 0.10 0.10
ttt 0.00 0.00
tcc 0.19 0.16

2 See Fig. 8 for the geometry of the different isomers.
> E from reference [20].

0.05V, for the Fe'™™ redox couple of all eight complexes, 2-9. The
various R substituents (Scheme 2) on the eight different ligands w2 -
L%) of these complexes, therefore have virtually no influence on the
values of the Fe'™ redox couple for complexes 2-9, as was expected
from the character of the HOMOs of complexes 2-9, which did not
demonstrate any communication of electron density between the ligand
and the Fe metal. A similar result was obtained for a series of eight fac-
Re(CO);Cl-pyridyl-1,2,3-triazole containing substituted 2-(1-R-1H-
1,2,3-triazol-4-yl)pyridine ligands where the position of the Re-based
oxidation were found to be essentially unaffected by the electronic
nature of the different R substituents (octyl, Bn, 4-methoxybenzyl, 4-
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Fig. 9. Frontier orbitals of complex [Fe(L®),Cl,] (with R = H on ligand L8).
Colour code of atoms (online version): Fe (purple), N (blue), C (black), H
(white). A contour value of 60 e/nm® has been used to generate the orbital
plots. Colour code (online version): Fe (purple), C (grey), N (blue) and H
(white). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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h*)

LUMO

Fig. 10. LUMO and HOMO of [Fe(L®),Cl,]* (with R = H on L®). A contour
value of 60 e/nm> has been used to generate the orbital plots. Colour code of
atoms (online version): Fe (purple), N (blue), C (black), H (white). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

nitrobenzyl, phenyl, ferrocenyl, 4-methoxyphenyl and nitrophenyl)
[51].

The commonly used iodide/triiodide (I3~ /I ) redox mediator used
in dye-sensitized solar cells, DSSC [52] has an average redox potential
of -0.34 + 0.02V vs Fc/Fc* in acetonitrile [53]. Complexes 2-9 with a
similar redox potential may thus qualify as alternative redox mediators.
“Ultimately, the election of a determined couple as mediator will

20 HA Fe||/|||
2(CHs) ___ - __/:
f 3 (OCHs) j/

!

4 (COOH)
p - jﬂ
6(Cl) .
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o
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depend mainly on the electronic properties of the specific dye in a given
cell” [54].

4. Summary

Eight different dichloro(bis{2-[1-(4-R-phenyl)-1H-1,2,3-triazol-4-yl-
KN3]pyridine-KN})iron(II) complexes (2-9), with substituents R = CH;
(L?), OCH; (L), COOH (L%, F (L), C1 (L®), CN (L7), H (L®) and CF5 (L°),
have been synthesised and characterised. The single crystal structure of
3 and theoretical DFT calculations both demonstrated a distorted oc-
tahedral geometry, with the two triazole ligands coordinated to the iron
centre positioned in the equatorial plane, and the two chloro atoms in
the axial positions trans to each other. The DFT calculations further
demonstrated that the d® [Fe(L),Cl,] complexes of this study is high
spin complexes with a tggeg ground state. The HOMO of the d°® Fe(lI)
complexes is Fe metal-based. The LUMO on the other hand, is (1,2,3-
triazol-4-yl)pyridine ligand-based. The cyclic voltammograms of all
eight Fe(I) metal (1,2,3-triazol-4-yl)pyridine complexes (2-9), all show
a small chemical reversible redox couple at ca. —0.3V versus Fc/Fc*,
which was assigned to the Fe""™ redox couple, based on the character
of the HOMO of the Fe-complexes. A second irreversible oxidation peak
at ca. 0.7 V versus Fc/Fc* was assigned to the chloride oxidation, while
the first observed reduction (below —1.5V) was assigned to the re-
duction of the (1,2,3-triazol-4-yl)pyridine ligand, based on the char-
acter of the LUMO of the neutral complexes. The different R sub-
stituents on the phenyl rings of complexes 2-9 did not in any way
influence the values of the metal Fe™™ redox couple, which only varied
over a small potential range of only 0.05V. This ligand independency
can be explained by the character of the HOMOs of complexes 2-9,
which did not demonstrate any communication of electron density
between the ligands and the Fe metal. The HOMOs of the free ligands,
however, displayed extended n-character which expands over the entire
ligand, explaining the sensitivity of the 'H NMR C-H-triazole peak,
which is dependent on the electron donating/withdrawing power of the
different R substituents on the eight 2-[1-(4-R-phenyl)-1H-1,2,3-triazol-
4-yl]pyridine ligands.

-3.256 -2.75

-2.25 -1.75 -1.25 -0.75 -0.25 0.25 0.75
E (V) vs Fc/Fc' in DMSO

1.25
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Fig. 11. Cyclic voltammograms recorded at
2 (CHs) 0.100Vs™ !, of complexes 2 to 9: Left: Wide scans in
DMSO, Right: Region of the Fe""™ redox couple for
each complex, in DMSO: CH3;CN (1:3) solution.
3 (OCH;) The y-axis denotes relative current. Values E*
(V vs. Fc/Fct)= —-0.287, -—0.282, —0.296,
—0.281, —0.311, —0.295, —0.333 and —0.310V,
4 (COOH) for complexes 2 to 9 respectively.
i B
6 (Cl)
8 (H)
9 (CFs)
4 pA
06 -02 02

E (V) vs Fc/Fc'
in DMSO/CH,CN
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