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ABSTRACT ARTICLE HISTORY
[Bis(3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine)(2,2'-bipyridine)iron(ll)], Received 19 August 2016
[Fe(PDT),(bpy)1** (1), [bis(3-(4-phenyl-2-pyridyl)-5,6-diphenyl-1,2,4- Accepted 9 April 2017
triazine)(2,2"-bipyridine)iron(ll)], [Fe(PPDT),(bpy)I?* (2), [bis(2,2- KEYWORDS
bipyridine)(3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine)iron(ll)], [Fe(PDT) Octahedral iron(ll)
(bpy),** (3), and [bis(2,2-bipyridine)(3-(4-phenyl-2-pyridyl)-5,6- complexes; PDT; PPDT: DFT;
diphenyl-1,2,4-triazine)iron(ll)], [Fe(PPDT)(bpy),]** (4) have been phen; terpy; substitution;
synthesized and characterized. Substitution of the triazine and dissociative; associative;
bipyridine ligands from the complexes by nucleophiles (nu), namely mechanism; basicity
1,10-phenanthroline (phen) and 2,2,6,2"-terpyridine (terpy) was

studied in a sodium acetate-acetic acid buffer over the pH range 3-6

at 25, 35, and 45°C under pseudo-first order conditions. Reactions are

first order in the concentration of complexes 1-4. The reaction rates

increase with increasing [nu] and pH whereas ionic strength has no

effect on the rate. Straight-line plots with positive slopes are observed

whenthek , values are plotted against [nu] or 1/[H*]. The substitution

reactions proceed by dissociative as well as associative paths and the

latter path is predominant. Observed low E_ values and negative AS*

values support the dominance of the associative path. Phenyl groups

on the triazine ring modulate the reactivity of the complexes. The

m-electron cloud on the phenyl rings stabilizes the charge on metal

center by inductive donation of electrons toward the metal center,

resulting in a decrease in reactivity of the complex and the order is

1< 2 <3< 4. Density functional theory (DFT) calculations also support

the interpretations drawn from the kinetic data.
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el )2+
FQ(PPDT)Z(I,I,))2+ Fe(PPDT)(bpy)3

Fo(PDT)z(I;p)')2+ Fo(pr)(bpy)g*
[Fe(PDT),(bpy)]** = Bis(3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine)(2,2’ -bipyridine)iron(II)
[Fe(PPDT),(bpy)]** = Bis(3-(4-phenyl-2-pyridyl)-5,6-diphenyl-1,2,4-triazine)(2,2’-bipyridine)iron(Il)
[Fe(bpy),(PDT)]?* = Bis(2,2’-bipyridine)(3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine)iron(II)
[Fe(bpy),(PPDT)]** = Bis(2,2’-bipyridine)(3-(4-phenyl-2-pyridyl)-5,6-diphenyl-1,2,4-triazine)iron(II)

1. Introduction

Polypyridyl ligands like 1,10-phenanthroline (phen), 2,2'-bipyridine (bpy), 2,2,6,2"-terpyri-
dine (terpy) and substituted pyridyl triazines form thermodynamically stable 5-membered
chelates with most transition metals ions (e.g. Fe(ll), Cu(ll) and Ru(ll)) [1-6]. The aromatic
a,a’-diimine bonds endow the complexes with high molar absorptivities which make them
attractive probes for photophysical applications. For example, substituted pyridyl-triazines
such as 3-(2-pyridyl)-5,6-diphenyl)-1,2,4-triazine (PDT) [7, 8] and 3-(4-phenyl-2-pyridyl)-5,6-
diphenyl)-1,2,4-triazine (PPDT) [9, 10] give intense-colored octahedral iron(ll) complexes,
[Fe(PDT),]** (A =555nm, g =235x10*M"cm™) and [Fe(PPDT),]** (A _ =564 nm,
€ = 287 X 10* M~ cm™), respectively.

Several reports appear in the literature on the solution chemistry of octahedral iron(ll)
complexes containing mixed-polypyridyl ligands. Schilt et al. [11] prepared and charac-
terized the octahedral mixed-ligand complexes of iron(ll)/iron(lll) with cyanide and aro-
matic di-imine ligands. Later Schilt in collaboration with Taylor [12] prepared Fe(ll)
mixed-ligand complexes of the type [Fe(phen) L, 1X, and [Fe(terpy)(TPTZ)IX, (where n = 1
or 2, L = methyl-, phenyl-, nitro- or chloro-substituted phen and X = perchlorate or iodide
ion). Burgess and co-workers [13] reported on the mechanistic aspects of the formation
of [iron(ll)(cyanide)(phen)] and related complexes. Also reported in the literature are Fe(ll)
complexes of the type [FeL2X2]2+ and [FeLX4]2+, where L = phen or bpy and X = cyanide or
oxalate ion [14-17] and [Fe(L)(L'),]** and [Fe(L),(L)]** (L = phen, L' = phen-5,6-dione or
4,7-dimethyl-phen) [18, 19]. Most mixed-ligand complexes of iron(ll) have been made
mainly for DNA-binding studies [19-22]. There are no reports on the substitution kinetics
of the octahedral Fe(ll) complexes with polypyridyl ligands. We have synthesized and
characterized the mixed-ligand complexes of iron(ll) containing pyridyl triazine (PDT/PPDT)
and bipyridine ligands, [Fe(PDT),(bpy)]** (1), [Fe(PPDT),(bpy)]** (2), [Fe(PDT)(bpy),1** (3)
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and [Fe(PPDT)(bpy)2]2+ (4). We report on the kinetic and mechanism of substitution reac-
tions of complexes 1-4 with phen and terpy in an acetate buffer in the pH range 3-6. We
undertook this work to understand the reactivity order of the complexes towards the
polypyridyl nucleophiles.

2. Experimental
2.1. Reagents and apparatus

Phen, terpy, bpy, iron(ll) sulfate heptahydrate, and sodium iodide (Sigma Aldrich) and PDT
and PPDT (GFS Chemicals Inc., USA) were used without further purification. Solutions of
phen (0.01 Min 0.01 MHNO,) and terpy (0.01 M in methanol) were prepared by dissolving
requisite quantities. Acetate buffers of pH between 3.5 and 6.0 were prepared by mixing
stoichiometric amounts of acetic acid (1.0 M) and sodium acetate (1.0 M). All these reagents
were stored in amber-colored bottles. Electron-spray ionization (ESI) mass spectra of the
complexes were recorded on a Waters TOF Micro-mass LCT Premier Spectrometer operated
in the positive ion mode. Elementary composition of the complexes was determined
on a Flash 2000 Thermo Scientific CHNS-O Analyser. The elementary composition of Fe
in complexes 1-4 was determined spectrophotometrically after a nitric digestion step.
The triazine ligand 3-(2-pyridyl)-5,6-bis(4-phenyl-sulfonic acid)-1,2,4-triazine, PDTS
forms an intense-colored 1:3 complex with iron(ll), [Fe(PDTS),]*" (A__ =562 nm and
€., =279x10*M"cm™)[2,23].0.05 g of 1/2/3/4 was digested with 10 mL of 50% HNO,
until all the organic matter was destroyed, followed by dilution to 100 mL. PDTS was then
added in excess to quantitatively form [Fe(PDTS)3]4i The concentration of the resultant
[Fe(PDTS)3]4‘ was determined at 562 nm and the results were used to estimate the ele-
mentary composition of Fe for each complex. UV-vis spectra and kinetic measurements
of slow reactions were recorded on a Varian Cary 100 Bio UV-vis spectrophotometer with
a cell compartment thermostated by a Varian Peltier temperature controller with an accu-
racy of + 0.05°C.

2.2. Preparation of mixed ligand complexes

The Fe(ll) complexes were prepared according to the procedure of Taylor and Schilt [12].
Requisite equivalents (PDT/ PPDT (1.0 mmol) and bpy (0.5 mmol) for 1 and 2 or PDT / PPDT
(0.5 mmol) and bpy (1.0 mmol) for 3 and 4) were dissolved in 20 mL of hot ethyl alcohol. A
solution of iron(ll) sulfate heptahydrate (0.139 g, 0.50 mmol) in 5 mL of ultrapure water was
added drop-by-drop with continuous stirring. The resultant solution was evaporated to
20 mL and filtered by Millipore micro filter paper. Filtrate was cooled to room temperature
and a slight excess of sodium iodide (0.3 g) dissolved in 2 mL of water added to it in drops.
The resultant solution was cooled at —5°C for about 2 h and the precipitate which was formed
was separated by suction and washed several times with 5-mL aliquots of ice water and
diethylether before drying under vacuum. Mass and elemental analysis data are given in
table 1 and the mass spectra for complexes are given as Supplementary Data. The structures
of complexes 1-4 are shown in scheme 1 and the visible absorption spectra are given as
Supplementary Data.
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Table 1. Mass and elemental analysis data of iron(ll) complexes 1-4.

Elemental analysis

Complex / molecular formula Yield ESI-MS: m/z (%) Calc. Found
) [Fe(PDT),(bpy)ll,H,0 454 mg (86%)  493.16 (M* I, PDT, bpy100%) C,54.37; C,54.32;
(CoHy 6N, Fel-H,0) 416.14 (M?* -1, 55%) H,3.47; H, 2.90;
N, 12.68; N, 12.65;

0, 1.45; 0,1.41;

Fe, 5.06 Fe, 4.92

(2) [Fe(PPDT),(bpy)] 532 mg (88%) 725.11 (M* I, PPDT78%) C, 59.68; C 60.01;

1,,0.5H,0

(C4,H N, Fel0.5H,0) 492.18 (M?* -1, 100%) H, 3.64; H,3.73;
N, 11.23; N, 11.19;

0,0.64; 0,0.88;

Fe, 4.48 Fe,4.43

(3) [Fe(PDT)(bpy),ll,H,0 355 mg (79%) 803.72 (M* -1, 80%) C, 50.55; C, 50.68;
(C,oH;oNgFel,H,0) 649.24 (M* -1, bpy60%) H, 3.39; H,3.17;
399.15 (M?* -1, 100%) N, 11.79; N, 11.99;

0, 1.68; 0,1.82;

Fe, 5.88 Fe, 5.87

(4) [Fe(PPDT)(bpy)Z]I2 396 mg (81%) 754.19 (M* —I2, 70%) C,54.79; C, 54.71;
(CyeH; N Fel,) 377.78 (M?* -1, 100%) H, 3.40; H,3.19;

N, 11.11; N, 10.78;

Fe, 5.54 Fe, 5.51

[Fe(PDT)2(bpy)I** (1) [Fe(PPDT)2(bpy)I** (2)  [Fe(PDT)(bpy)2l** (3)  [Fe(PPDT)(bpy)al** (4)

Scheme 1. The structures of the complexes [Fe(PDT/PPDT)3_X(bpy)x]2*, x=T1or2.

2.3. Product analysis

Requisite mass or volume of complex, nu, acetic acid/sodium acetate buffer, and sodium
nitrate were transferred into amber-colored 10-mL volumetric flasks and the contents were
made up to the mark with water. These solutions were left to stand for sufficient time to
allow the reaction to complete (about 96 h). The UV-vis absorption spectra of the solutions
after a complete substitution of complexes 1-4 by phen or terpy were recorded. Absorption
spectra of the substitution products of complexes 1-4 with phen and terpy show common
absorption peaks at 510nm (¢ =11,050+50M"'cm™") and at 552nm

(€., = 12,400 = 90 M-Tem™), respectively?These characteristic absorption peaks are due to
[Fe(phen)3]2+ (for reactions with phen) and [Fe(terpy)2]2+ (for reactions with terpy), respec-
tively. The spectra are given in figure 1. The molar absorptivities of the products at 510 nm
and 552 nm were calculated on the basis of the concentration of iron(ll) corresponding to

that of [Fe(phen),]** and [Fe(terpy),]**, respectively.
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Figure 1. UV-vis absorption spectra of the reaction products of complexes 1-4 with (a) phen and (b) terpy.

2.4. Kinetic procedure

Kinetic runs were performed spectrophotometrically by monitoring the absorbance changes
atA_ . values of complexes 1-4 as a function of time using a Cary 100 Bio UV-vis spectro-
photometer. The spectral changes were recorded over the wavelength range from 350 to
700 nm. All kinetic runs were performed under pseudo-first order conditions with [nu] over
the [complex] in at least 15-fold excess. The absorbance changes were followed up to eight
half-lives. The effect of [complex] on the reaction rate was studied by carrying out kinetic
runs at different concentrations of complex (0.5-4.0 X 10-> M) at pH = 4.0, u = 0.1 mol dm~3
and [nu] at 1.0 x 10~3 M. The reactions were also carried out at various concentrations of
phen/terpy ranging from 0.5-3.0 x 10~ M and variable pH within the range 3-6. The kinetic
runs were also performed at 25, 35, and 45°C to study the effect of temperature on the rate
of these reactions. The Origin 7.5° graphical analysis software [24] was used to obtained
the pseudo-first-order rate constants (kobs). The absorbance-time data at )\max was fit to a
non-linear least-square single exponential function A=A_+ (Ao—Am)exp‘*kobS‘), where Ay Ay
and A  represent the absorbance of the reaction mixture initially, at time t and at the end
of the reaction, respectively. All kinetic traces fitted perfectly to a single exponential function
and the values of k_, were reproducible to within + 6%. A summary of the observed pseu-
do-first-order rate constant, k , _at different concentrations of complex and nu, pH, and ionic
strength (u) is reported in table 2. The spectral changes accompanying the reactions were
monitored at 554 nm (¢ = 18,500 £ 50 M~'cm™), 564 nm (¢ =21,900 £ 80 M~'cm™™),
552nm (g, =13,600+90 M~ cm™), and 560 nm (g,__ = 15,400+ 60 M~' cm™') for com-
plexes 1-4, respectively. Figure 2 shows spectral changes for the substitution of
[Fe(PDT),(bpy)]** by phen and the inset is a kinetic trace of the time dependence of the
absorbance at 554 nm. The UV-vis spectra of 1-4 are given as Supplementary Data.
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Table 2. k , values for the substitution of complexes 1-4 by phen and terpy at 35°C.

ks X 10 (M)

phen terpy
pH nu C u 1 2 3 4 1 2 3 4
3.6 1.0 2.0 0.2 5.31 6.69 9.75 11.26 5.31 6.67 9.70 11.20
4.0 1.0 2.0 0.2 541 6.80 10.01 11.61 5.38 6.76 9.88 11.46
4.4 1.0 2.0 0.2 571 7.09 10.65 12.49 5.55 6.97 10.34 1211
4.8 1.0 2.0 0.2 6.06 7.82 12.27 14.69 597 7.52 11.49 13.73
5.2 1.0 2.0 0.2 7.57 9.66 16.33 20.21 7.05 8.90 1437 17.82
5.6 1.0 2.0 0.2 10.59  14.26 26.52 34.10 9.74 12.35 21.61 28.07
4.0 0.5 2.0 0.2 535 6.71 10.03 11.66 5.32 6.69 9.73 11.33
4.0 1.5 2.0 0.2 5.46 6.90 10.86 12.82 5.43 6.84 10.04 12.02
4.0 2.0 20 0.2 5.58 6.69 11.34 13.40 5.48 6.91 10.21 12.36
4.0 2.5 2.0 0.2 5.62 7.09 11.67 13.98 5.54 6.98 10.34 12.71
4.0 3.0 2.0 0.2 571 7.18 12.06 14.56 5.60 7.06 10.48 13.05
4.0 1.0 0.5 0.2 5.40 7.00 9.93 11.52 5.40 6.76 9.77 11.31
4.0 1.0 1.0 0.2 5.51 6.87 10.17 11.64 5.26 6.59 9.87 1141
4.0 1.0 1.5 0.2 5.34 6.91 10.11 11.60 533 6.71 9.95 11.37
4.0 1.0 25 0.2 541 6.77 9.86 11.47 5.29 6.65 9.88 1251
4.0 1.0 3.0 0.2 5.53 6.85 9.90 11.55 5.41 6.56 9.96 11.50
4.0 1.0 2.0 0.1 5.45 6.79 9.85 11.49 5.35 6.69 10.04 11.42
4.0 1.0 2.0 0.3 5.41 6.91 10.21 11.71 5.43 6.78 9.95 11.47
4.0 1.0 20 0.4 5.36 6.78 9.89 11.73 5.27 6.67 10.10 11.34
4.0 1.0 2.0 0.5 5.29 6.84 10.16 11.63 5.35 6.70 10.12 11.59
4.0 1.0 2.0 0.6 5.40 6.85 11.12 11.65 5.40 6.78 9.95 11.53

Note: nu = [phen or terpy] x 10° M and C=[1] or [2] or [3] or [4] X 10° M.

0.18 1
0.16 4
0.14

042 4

T T T T T T T
0 200 400 600 800 1000 1200 1400

0.10 A

Time (min.)

Absorbance

0.08 -+

0.06 4

0.04
350 400 450 500 650 600 650 700 750

Wavelength (nm)

Figure 2. UV-vis spectral changes observed during the reaction between [Fe(PDT),(bpy)1** and phen.
Inset is a typical kinetic trace at 554 nm. [[Fe(PDT)Z(bpy)]z*] = 2.0x107° M, [phen] = 1.0x103 M, pH =
4.0, u=0.2 M and temperature = 35°C.
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2.5. Computational modeling

Computational modeling was performed by the Gaussian09 program package [25] to under-
stand the structural and electronic differences of the investigated complexes [26, 27]. The
geometry optimizations, frequency calculations, and mapped molecular orbital diagrams
were carried out by means of density functional theory (DFT) using the B3LYP functional
method [28-30]. The basis set 6-311 + G* for nitrogen, 6-31G* for carbon and hydrogen
[31] and SDD for iron [32-35] were employed to get reliable results. The singlet state was
used due to the low electronic spin of the polypyridyl iron(ll) complexes. The complexes
were computed with water as solvent, taking into account the solvolysis effects by means
of the Conductor Polarizable Continuum Model (CPCM) [36-38]. All the structures were
characterized as cationic species of formal charge 2+.

3. Results and discussion

Substitution reactions were carried out at 25, 35, and 45°C under pseudo-first-order condi-
tions with [nu] > [complex] and also within the pH range 3-6 in acetate buffers. The effect
of concentration of complex and nu, pH, and ionic strength on the rate of substitution was
studied. The kObs values at 35°C are presented in table 2, while kobs values at 25 and 45°C are
given as Supplementary Data. The k_, _ values depend directly on [nu] and inversely on pH.
The plots of k_,  versus 1/[H*] and k , . versus [phen] were all linear and exemplary plots for
the substitution of complex 1 by phen are given in figures 3(a) and 3(b), respectively, plots
for the other reactions with phen and terpy are given as Supplementary Data. lonic strength
has no effect on reaction rate. Linear plots with positive slopes and large intercepts of k
versus [nu] and k_,_ versus 1/[H*] were observed. These observations suggest that these

reactions proceed via two distinct paths, namely associative and dissociative.

3.1. Species distribution of the phen and terpy ligands

Phen is monobasic and exists as mono- and unprotonated forms whereas terpy is di-basic
and exists as mono-, di-, and unprotonated forms in acidic media according to the following
respective equilibria.

+ +
phenH Kj phen +H 1)
(@) (b) .
87 45'c 404 B, 5 ¢
7 35
6 - 3.0 4
5"; 5 ; 2.5 4
S 4] £
o4 = 204
3 o £ ]
~= 35°C e 15 s'c
2 'M//‘//" Wy e e
i 25°C
! 0.5 4 25°C
-_.___.’——-/. S
0 - - . . . . . . ; : - - - .
0 5 10 15 20 25 30 35 40 05 10 15 20 25 30

10"/[H'], mol' dm’ [phen] x 105 mol dm*

Figure 3. Linear plots of k , vs. (a) 1/[H*] and (b) [phen] for the substitution of 1, [[Fe(PDT),(bpy)]**] by
phen. [[Fe(PDT),(bpy)]**] =2.0x107°M, pH=4.0and u=0.2 M.
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Figure 4. Species distribution curves of (a) phen and (b) terpy as a function of pH.
terpyH* K,, terpy + H*

terpyH, " K, terpyH" + H” 3)

Phen has a pK| value of 5.02 [39] and terpy has pK,, and pK_, values of 3.57 and 4.71 [40] at
K, 25°C, respectively. Using these values, the percentage distribution of mono- and unpro-
tenated forms of phen, mono-, and unprotonated and di-protonated forms of terpy have
been computed in the pH range 2-10 using a simulation program [41]. The percentage
distribution of phen and terpy with pH variation is shown in figures 4(a) and 4(b), respectively.
The data used to plot are given as Supplementary Data.

From the species distribution curves, it is clear that the substituting ligands (phen or
terpy) existed mostly in the mono-protonated form within the pH range considered for
studying their substitution reactions with complexes 1-4. However, the unprotonated forms
of these nucleophiles are considered as the reactive species.

3.2. Proposed mechanism for the reaction of [Fe(PDT/ PPDT),(bpy)] (1 or 2) with
phen

The reactions are first order with respect to concentration of complex. lonic strength has no
effect on rate of reaction which is an indication that the rate-limiting step involves the reac-
tion between an ion and a neutral species or two neutral species. The k_, _values increase
with increasing [nu] and decrease with increase in [H*]. These observations suggest the

following mechanistic paths.
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Complex Geometry-optimized structure HOMO map

Figure 5. DFT-optimized frontier orbital energy structures, HOMO and LUMO maps for Fe(ll) complexes
at B3LYP/SDD level.

3.3. Dissociative path

Octahedral complexes generally undergo reversible dissociation. Thus, for the studied reac-
tions, the formation of the five-coordinate intermediate, defined by the rate constant, k, to
give the intermediate, [Fe(PDT/PPDT)(bpy)(PDT/PPDT-n")] is the rate-limiting step and hence
the rate of substitution is independent of the incoming ligand. The five-coordinate complex
reacts further with more phen molecules in a series of fast steps to give the final product
[Fe(phen),]**. Detailed elementary reaction steps are given in Supplementary Data (equa-
tions 1-7).

The formation of the five-coordinate species [Fe(PDT/PPDT)(bpy)(PDT/PPDT-n")] is more
likely than [Fe(PDT/PPDT)Z(bpy-rﬂ)]. Generally, in mixed-ligand complexes, the ligand which
is more sterically hindered is likely to dissociate faster from the iron(ll) center. Between the
inert ligands PDT/PPDT or bpy, the PDT/PPDT is bulkier and offers more steric hindrance,
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hence it is likely to dissociate from the iron(ll) center to form a five-coordinate activated
complex [Fe(PDT/PPDT)(bpy)(PDT/PPDT-n")].

3.4. Associative path

In this path, the incoming ligand (phen) coordinates to the iron(ll) center to form a seven-
coordinate intermediate [Fe(PDT/PPDT)Z(bpy)(phen—n‘)]2+. Subsequently, the seven-
coordinate intermediate rearranges itself and the phen molecule chelates to iron(ll) center
to form [Fe(PDT/PPDT)(bpy)(phen)(PDT/PPDT-n")1**. In a series of fast steps, [Fe(PDT/PPDT)
(bpy)(phen)]** reacts with more phen molecules to give the final product, [Fe(phen),]**
(elementary reaction steps are given as Supplementary Data equations 8-14).

3.5. Mechanism for reactions of [Fe(PDT/PPDT)(bpy),] (1 or 2) with terpy

The substitution of 1 or 2 with terpy is similar to what has been described for the substitution
reactions of 1 or 2 with phen. The rate-determining step involved the formation of five- or
seven-coordinate intermediates for the dissociative and associative paths as described in
Supplementary Data equations 15-29. However, differences occur in the subsequent fast
elementary steps due to the tridentate nature of the terpy ligand and its propensity to
coordinate in a meridional fashion.

3.6. Mechanism for reactions of [Fe(PDT/PPDT)(bpy),] (3 or 4) with phen or terpy

The mechanism for the substitution of [Fe(PDT/PPDT)(bpy)Z] (3 or 4) by phen or terpy follows
asimilar set of steps described above for 1 or 2 for both the dissociative or associative paths,
respectively. The ultimate products are [Fe(phen),]** and [Fe(terpy),]?* in the substitution of
3 or 4 by phen and terpy, respectively. The detailed mechanism for the substitution of 1-4
by phen and terpy is given as Supplementary Data equations 30-56. The substitution reac-
tions of 1-4 with phen and terpy are summarized in scheme 2. Assuming that the two paths
independently contributed to the rate, we can write the rate law:

rate = k,[complex] + k,[complex][nu], (4)

As already stated, within the pH range for which the reaction were studied, the phen and
terpy substituting ligands existed mostly in their mono-protonated forms. Therefore,

[nu], = [Hnu™], + [nu], (5)

Hence, from equilibrium equations (1)/(3),

Fe(PPDT),(bpy)™* Fe(PPDT)(bpy)}"
he 2. excess phen
2 rorrr > Fe(phen);" €rmnr 4
excess terpy excess terpy
“PDT/PPDT, 2bpy Fe(terpy)§+ “IPDI/PPDT, bpy
Fe(PDT),(bpy)** Fe(PDT)(bpy),"
1 3

Scheme 2. A summary of the substitution reactions of complexes 1-4 with phen or terpy.
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. [nulIH*],
[Hnu™], = T (6)
therefore,
B K, [nu],
[nu], = —Ka T (7)

k,K,[complex][nu],

Rate = k,[complex] +
ilcomplex] K, +[H'],

9)

kK [nu
Rate = [complex]{k1 + M}

K, +[H'],

the terms [nu], and [H*], were replaced by [nu] and [H*] (initial concentrations of nuand H*),
respectively. Hence,

Rat [ | ]{k k,K,[nu] }
ate = [complex + -
P ! K, +[H] (10
therefore,
k,K_[nu]
k, =k +-—22 —
obs 1 Ka [H+] (11)

equation (11) can be modified to equation (12) by neglecting the term K, science [H*]>K_.

N k,K.[nu] .
obs — ™1 [H+] ( )
Thus, plots of kobS versus [nu] and 1/[H*] are straight lines with positive slopes and intercepts.
The specific second-order rate constant, k, for substituting the coordinated ligands by phen
or terpy is obtained from the slope of a plot of k , _versus [nu] (slope = k,K_/[H*]) ork , -versus
1/[H*] (slope = k,K_[nul). The intercept of either plot gives the first-order rate constant, k, for
the overall dissociation process of the coordinated ligands from the Fe(ll) complex. K, values
of phen or terpy at 25°C [39, 40, 42] were used to calculate the K values at higher temper-
atures (35 and 45°C) using the Perrin equation [43],

ApK, pK,—0.9

AT T (3
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where T is in Kelvin. Using the K, values, the specific rate constants k1 for the dissociative
path and k, for the associative path at three different temperatures, the activation parameters
such as E_, AH*, AS*, and AG* for each path were computed from the Arrhenius and Eyring
equations [44]. The specific rate constants and activation parameters are given in tables 3
and 4 for dissociative and associative paths, respectively.

In the associative path, the incoming ligand has a specificinfluence in the rate of reaction,
which results in a difference in the k, values. It can be inferred from the above table that the
specific rate constants for the substitution of the ligands from complexes 1-4 increase in
the order 1<2<3<4.The specific rate constants depend on the concentration of the entering
polypyridyl ligand, signifying the formation of a new bond in the activated states of the
reactions. Of the two nucleophiles, phen is the more reactive ligand due to its basicity usually
expressed by the pK, of the respective N-donor heterocyclic nucleophile [45-48]. The reac-
tivity order of the nucleophiles is phen > terpy.

Generally, the substitution reactions at the iron(ll) center occur via both dissociative and
associative paths [49-51]. The relative magnitudes of the specific rate constants for the two
paths indicate that the associative mode of activation dominates over the dissociative path-
way through the rapid formation of a seven-coordinate intermediate in the rate determining
step, which gives the final product in a series of fast steps [52, 53]. For the dissociative path,
the values of k1 are lower while the AH* values are higher. Further, AS* for the dissociative
path is positive while it is negative for the associative path. Significantly negative entropy
values indicate the formation of a highly ordered and more compact seven-coordinate acti-
vated complex in the associatively activated path [54-56]. The k,, AH* or E_, and -AS* values
support the predominantly associative character of these reactions.

3.7. Computational analysis

Computational DFT calculations were performed in order to get an in-depth understanding
of the structural as well the electronic differences of the complexes. Intrinsic descriptors
such as ionization potential (1), electron affinity (A), chemical hardness (n), chemical softness
(0), chemical potential (u), and dipole moment are helpful in explaining reactivity of the
complexes investigated in the present study. The DFT-calculated geometry-optimized struc-
tures and frontier orbital energy (HOMO and LUMO) maps along with data are summarized
in figure 5 and table 5, respectively. The DFT-calculated frontier-orbital diagrams show that
most of the HOMO electron density is from the d-orbitals of the iron atom and partly from
the conjugated m-molecular orbitals of the pyridyl rings in PDT/PPDT molecule. The LUMO
electron density is primarily on the m-electron system of the ligand and a lower contribution
from the d-orbitals on the Fe atom. For all the complexes, the HOMOs and LUMOs are on
the m-electron system of the triazine ligands (PDT/PPDT) and d-orbitals of iron while bpy
ligands do not have significant electron density.

From table 5, the bond lengths of Fe-Nphen are in the same order for all four complexes,
indicating that the flow of electrons from phen to metal is uniform and the bpy ligand has
no effect on the reactivity of the complexes. A similar conclusion has been drawn from the
HOMO and LUMO maps of the complexes. Since the associative path predominates
(k, = 100k, for all reactions), the DFT calculations will be discussed in support of an associative
mechanism only.
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Table 5. DFT-calculated data for investigated complexes.

Complex 1 2 3 4
MO energy (eV)
I=~E,ou0 6.548 6.522 6.461 6.452
A=-E o 3.234 3.222 3.187 3.189
AE, jvo-Homo 3314 3.299 3.274 3.263
NBO charge
Fe?* 0.247 0.246 0.266 0.266
N, (= Nphen) -0.410 -0.410 —0.432 —0.432
Ny(=Nj) -0.411 -0.411 -0.410 -0.410
s —-0.204 —-0.203 —-0.429 —0.428
N, —0.425 —0.428 —0.429 —0.429
Ny (=N ) -0.424 -0.429 -0.424 -0.429
N(=Nyiaine ) —0.204 —0.203 —0.204 —0.204
Bond lengths (A)
Fe-N, (Fe-N, ) 1.994 1.993 2.005 2.005
Fe-N, (Fe'anen) 1.995 1.996 1.994 1.995
Fe-N, 1.959 1.958 2.003 2.003
Fe-N, 2.015 2.012 2.002 2.003
Fe-N, (Fe-N_ o) 2014 2011 2016 2,013
Fe-Ng (Fe-N, ... 1.957 1.958 1.956 1.956
Chemical hardness () 1.657 1.650 1.637 1.632
Chemical softness (0) 0.604 0.602 0.611 0.613
Electronegativity (y = —) 4.891 4.872 4.824 4.821
Dipole moment (D) 2.298 4373 11.982 12324

NBO charge is a measure of m-electron delocalization and shows the degree of the aro-
maticity of the aromatic rings. Jaganyi and co-workers have reported the effect of the inert
ligand on the rate of substitution at square planar Pt(Il) complexes using natural bond order
(NBO) charges on the metal centers [35, 57-61]. For associative substitution, high positive
NBO charges on the metal center leads to high k, values. In table 5, complexes 1 and 2 have
similar NBO charges on Fe?* (0.247) which are significantly lower than those of complexes
3 and 4(0.266). The lower NBO charges for complexes 1 and 2 are because the phenyl groups
donate electrons into the triazine which decrease the NBO charges on the metal center
depending on the number of coordinated triazine ligands. This reduces the mi-acceptor ability
of the triazine to receive electron density from the metal d-orbitals. The lower NBO charges
on Fe?* of complexes 3 or 4 slow down the rate of nucleophilic substitution by repelling the
incoming nucleophile [62]. Additionally, in table 5, the Fe-N,...ine bond length (~1.96 A is
significantly shorter than the Fe-N_ ., (~2.01 A) and Fe-N_, _ (~2.00 A). This corroborates
that the flow of electrons from the phenyl rings of triazine to the metal makes the Fe-N, ... -
bond shorter and stronger. Thus, phenyl groups on the coordinated triazine ring modulate
the reactivity of the complexes.

The energy of the HOMO and LUMO is associated with the electron donating and accept-
ing abilities of the inert ligands of the complexes, respectively [63]. Complexes with lower
HOMO-LUMO energy gap are reactive and kinetically labile [64]. The HOMO-LUMO energy
gap decreases from complex 1 to 4 as the reactivity increases. Electron descriptors [35, 65,
66] such as ionization potential (/), electron affinity (A) electro negativity (y) = (I + A)/2, hard-
ness (n)= (I-A)/2 and softness (o) = 1/n, and dipole moment were calculated from the DFT
data. Higher ionization potential or negative chemical potential energy, high chemical hard-
ness (large HOMO-LUMO gap), and low softness (small HOMO-LUMO gap) values are
observed for complex 1 compared to the rest. This complex is relatively more stable and
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kinetically inert than the rest. The electron descriptors data for complexes 1-4 corroborates
well with the order of reactivity 1<2<3<4.The reactivity of complexes 1-4 has also a direct
relationship with the dipole moment. The dipole moment increases with increase in polar-
izability or decrease in the HOMO-LUMO energy gap of the complexes [67-69]. Complex 1
has the lowest dipole moment (2.298) and 4 has the highest dipole moment (12.324) in line
with the trend in the reactivity.

4. Conclusion

The substitution of mixed-ligand complexes 1-4 by phen or terpy occurs by both dissociative
and associative mechanism. However, the higher kz, lower AH*, and significantly negative
AS* values for the associative path clearly indicate that these substitution reactions pro-
ceeded predominantly by the associative mechanism. The phenyl groups on the triazine
molecules increase the electron density on the triazine rings which are coordinated to the
metal center via the nitrogen atoms. The inductive donation of electron density decreases
the reactivity of the complexes from 1 to 4. This is evidenced by a decrease in the NBO charge
on Fe(ll) that correlates with the phenyl groups of the coordinated triazine ligands. The
reactivity order of the complexes is 1<2<3<4 and is well supported by trends in the DFT-
calculated chemical reactivity descriptors such as the HOMO-LUMO gap, NBO charges on
Fe?*, n, x, and dipole moments. The phen is a better incoming ligand than terpy, in line with
the order of the basicity of the two nucleophiles.

Supplementary material

TOF-MS spectral data of complexes 1-4, the observed pseudo-first-order rate constants (k , ) values
for the substitution of complexes 1-4 by phen and terpy at 25 and 45°C, UV-vis spectra, percentage
of various species of phen and terpy in the pH range 3-6, straight line plots of k , _versus 1/[H*] and

[phen] / [terpy], detailed mechanism for substitution of complexes 1-4 by phen and terpy are pre-
sented as Supplementary Data.
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