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ABSTRACT: The series of zirconium(IV) and hafnium(IV) phthalocyanine complexes
[PcM(FcCOCHCOR),] (Pc = phthalocyaninato; M = Zr; R = CF; (1), CH, (2), C¢Hs
(3), Fc ((CsH;)Fe(CsH,), 4), as well as M = Hf ; R = CF; (§), CH, (6), C¢H; (7), and
Fc (8)) were synthesized. A single-crystal X-ray diffraction analysis of the structure of
[PcHf(FcCOCHCOCH;),], 7 (Z = 2, space group PI), showed the two axial f-
diketonato ligands were orientated in such a way that the ferrocenyl groups were
positioned diagonally opposite each other. From the structural determination of 7 it was
clear that these complexes have a distorted D,;, symmetry at the coordination site of the
metal centers, which explains a splitting of the UV—vis Q band into Q, and Qy
components with 3 < A, o < 10 nm. Cyclic and square wave voltammetrlc studies in
CH,CL,/[N("Bu),] [B(C5F5)4:| allowed observation of at least three phthalocyaninato
macrocycle-based redox couples as well as all (ie., two or four) well-resolved ferrocenyl
couples in 1—8. For M = Zr and R = Fc, formal reduction potentials of the four ferrocenyl
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groups were found to be E°’ = 296, 386, 538, and 687 mV versus free ferrocene. Spectroelectrochemical evidence, UV—vis Q-
band maximum wavelengths, and HOMO—-LUMO energy gaps as expressed by AE®'| ; = AE® .1 — AE% . m were
mutually consistent, indicating that the first phthalocyaninato ring-based oxidation occurs before ferrocenyl oxidations take place.
The potential for each redox process was found to be dependent on the sum of f-diketonato R-group group electronegativities,
2Zyr- Mathematical relationships for the dependency of E° on Zyy for all four observed ring-based redox processes as well as for
the ferrocenyl-based redox processes were determined. This allowed prediction of potentials for redox processes that fall outside
the workable potential window of the solvent. No significant differences were found between the corresponding redox potentials

of zirconium and hafnium analogues bearing the same axial ligands.

B INTRODUCTION

The high stability and exceptional photophysical," photo-
chemical,® electrochemical,’ and coordination properties* of
phthalocyanines caused them to be studied in dlverse high
technologlcal areas such as semiconductor dev1ces, liquid
crystals,® sensors,” catalysts,® nonhnear optics,” photovoltaic
solar cells,'® antiviral research,"' and photodynamic cancer
therapy.'> Computational studies assisted much in the current
understanding of unusual axial binding modes of these
porphyrin derivatives.'> The low solubility of many metal-
lophthalocyanines is the result of aggregation in solution.
Aggregation can substantially impede desired physical and
chemical properties of phthalocyanines such as photoactivity in
organic photovoltaics, or it can impair photodynamic activity in
diseased cell tissue when these compounds act as photo-
sensitizers in photodynamic therapy. Introduction of axial
ligands to the central metal atom of many metallophthalocya-
nine complexes is known to influence the properties of the
metallophthalocyanines to a large degree, and it can decrease
aggregation substantially.'*
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The high stability of di(chloro)zirconium and -hafnium
phthalocyanine complexes allows for synthesis of new
compounds by direct exchange of the chloride ligand with
other ligands."”” Tomachynski and co-workers synthesized
zirconium and hafnium phthalocyanine complexes of the type
PcM(f-diketonato),, where M = Zr"V and HfY and p-
diketonato = RCOCHCOR’, where R and R’ included CH;,
CF,;, C(CH,)s, and CH,.' They found that the compounds
do not aggregate in organic solvents at lower concentrations
than 107 mol dm™. All Tomachynski f-diketonato phthalo-
cyanine complexes were crystalline substances that dissolve in
most organic solvents (benzene, toluene, chloroform, and
others). In contrast, the dichloro complexes were found to have
much lower solubilities. The electrochemistry of all these
complexes was also studied by the Tomachynski—Kadish
collaboration.'* It was found that all compounds exhibited at
least two ring-based oxidations and two ring-based reduction
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processes and that Zr and Hf were redox silent. Unusually
though, complexes with R and R’ being CF; and C¢H;
exhibited four ring-based reduction processes and three
oxidations within the solvent (CH,Cl,) potential window.
None of these complexes had any redox-active substituents like
a ferrocenyl group either on the phthalocyaninato ring or on
the axial B-diketonato ligands.

The ferrocenyl group is frequently a component of new
organometallic complexes and functional materials due to its
good stability and ease by which ferrocene can be chemically
modified."” Due to the electrochemical reversible behavior of
the iron(II/III) couple, ferrocene derivatives are frequently the
subject of electrochemical studies.'"® The electron-donating
properties of the ferrocenyl group are known to enhance the
rate of oxidative addition reactions.'” Ferrocene derivatives
have also been studied in asymmetric catalysis,*® as high
burnin§ rate catalyst in solid propellants,®" as nonlinear
optics,” as donors in energy transfer processes,”® and as
anticancer drugs.24 Ferrocene-containing f-diketones of the
type FcCOCH,COR (with R = CF;, CH; C¢Hj, and Fc) have
been synthesized and characterized® as well as tested for
cytotoxic activity.*** The trifluoro-containing f-diketone
(FcCOCH,COCF,) was the most cytotoxic.

In this study we report the synthesis of new ferrocene-
containing f-diketonato complexes of zirconium and hafnium
phthalocyanines [PcM(FcCOCHCOR),] (M = Zr and R =
CF, (1), CH; (2), C¢H; (3), and Fc (4) as well as M = Hf and
R = CF;, 5; CH,, 6; C¢Hs, 7 and Fc, 8), characterize them
structurally, and highlight intramolecular communication
between ferrocenyl groups from results of an electrochemical
study in the presence of [N("Bu),][B(CFs),] as supporting
electrolyte. Successive ferrocenyl formal redox potentials are
shown to be a function of group electronegativity, yg.*°

B RESULTS AND DISCUSSION

Synthesis. Dichloro(phthalocyaninato)zirconium(IV)
(PcZrCly), 9, and dichloro(phthalocyaninato)hafnium(IV)
(PcHfCL,), 10, were synthesized'®® by cyclotetramerization of
phthalonitrile in the presence of the corresponding metal
tetrachloride, Scheme 1. The presence of 2-methylnaphthalene
as chloride radical scavenger prevented chlorination of the
phthalocyanine ring,16a while the high-boiling solvent 1,2,4-
trichlorobenzene was used to suppress formation of PcM™
oxides such as Pc(Zr/Hf)O or Pc(Zr/Hf)(OH).'** Phthalo-
cyaninato f-diketonato complexes 1—8 were then obtained by
reacting dichlorophthalocyanines 9 and 10 with f-diketones
11—14, Scheme 1, to liberate [PcM(FcCOCHCOR),]
complexes 1—8 in 14—71% vyield, Table 1. The previously
reported' ¢ actylacetonato derivatives [PcZr(CH;COCH-
COCH,3),], 15, and [PcHf(CH;COCHCOCH,),], 16, were
also prepared to compare our results of the present new
ferrocene-containing complexes with those of the Tomachynski
complexes.'** All dark blue-purple S-diketonato-phthalocya-
nato complexes were noticeably more soluble in common
organic solvents such as dichloromethane or tetrahydrofuran
than their dichloro precursors 9 and 10.

Crystal Structure of [PcHf(FCCOCHCOCgH:),], 7. [PcHf-
(FcCOCHCOCH;),] crystallized by slow evaporation—
diffusion using THF as primary solvent and n-hexane as
secondary solvent into a triclinic crystal system with P-1 space
group. Crystal data are shown in Table 2, and different views of
the molecular structure of 7, highlighting atom labeling, are
shown in Figure 1. Selected bond distances (Angstroms) and

Scheme 1. Synthetic Route toward [PcM(FcCOCHCOR), ]
Complexes 1-8

CN
@ + MCls M = Zr, Hf
CN
cl
) I ok
220°C g
Cl\MP]
%/N\N‘ﬁr:} EM=2Zr
N (N 10 M= e
9]
o™ @ﬁ\} R
Fe 11:R=CHy, 12: R = CF,

116°c | & 13: R = CgHg, 14: R = Fc

R R F
LYl
N
/?j N’Nﬂ% "

M=2Zr-1:R=CF; 2. R=CH,, 3:R=CgHs, 4 R=Fc
M=Hf-5:R=CF3 6:R=CH; 7: R=CgHs, B: R=Fc

(5 — position

o — position

bond angles (degrees) are summarized in the caption of Figure
1.

The structure of 7 highlights intramolecular through-bond
communication of one molecular fragment of 7 with another.
However, before discussing the structure of 7, it is useful to
note that typical single-bond C—C lengths range from 1.38
(sp—sp, —C=C—C=C—) to 1.53 A (sp*—sp’>, —C—C—),
while double bonds range from 1.28 (sp—sp =C=C=) to
132 A (sp*—sp? —C=C—).”’ C—C bonds in compounds
that are delocalized are expected to have distances that lie
between the 1.48 A of an sp’—sp* =C—C= single bond and
the 1.32 A of an sp’~sp> —C=C— double bond.*®

The two f-diketonato ligands are coordinated in such a way
that the ferrocenyl moieties are diagonally on opposite sides of
the central hafnium atom. We label this geometry as the T
isomer. Both ferrocenyl groups project up and away from the
phthalocyanine macrocycle. All C—C bonds in the B-diketonato
ligand of complex 7, except the C-phenyl bonds C(40)—C(41)
= 1.535(10) A and C(59)—C(60) = 1.505(8) A, have lengths
that are between 1.32 and 1.48 A. Thus, C—C bonds in the -
diketonato backbones have delocalized character and in
principle should be capable of conveying any electron-
withdrawing or -donating effects from other parts of the fS-
diketonato ligand to and from the ferrocenyl group. The
relatively small differences between the two C—C bond lengths
adjacent to the methine carbon atoms C(39) and C(58) in the
(O)C—CH-C(O) backbone of the f-diketonato ligands are
0.011 and 0.026 A, respectively. Thus, both p-diketonato
fragments are weakly asymmetric, implying the group electro-
negativity of the pendent ferrocenyl (y. = 1.87) and phenyl
groups (ypy= 2.21) differs just enough to lead to weakly
asymmetric f-diketonato ligands. The p-diketonato backbone
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Table 1. Yields, Q-Band Absorption Maxima of Q, and Q, Components in THF (ca. 5 pmol dm™ solutions), A, and

Possible AE°’ Values for 1-8, 15, and 16

no. (M; RY; R})* yield/%  Apeyoe/nm (€0 Amayoy/nm (eqy/dm® mol~'em™)” Al /nm®  AEY VY AEYp y/VE AEY /V?
1, Zr; Fc; CF, 66 681 (159900); 689 (159 300) 8 1.601 1.792 1.959
2, Zr; Fe; CH, 14 681 (161 200); 687 (159 000) 6 1.593 1.714 1.908
3, Zr; Fc; Ph 41 683 (173 200); 686 (172 700) 3 1.602 1.730 1.905
4, Zr; Fc; Fe 33 683 (141 500); 686 (139200) 3 1.603 1.777 1.867
5, Hf; Fc; CF, 71 679 (157 500); 688 (156 100) 9 1.611 1.802 1.964
6, Hf; Fc; CH, 56 679 (159 900); 687 (156 100) 8 1.598 1.708 1.894
7, Hf; Fe; Ph 53 682 (166 400); 687 (165 800) s 1.598 1715 1.881
8, Hf; F; Fc 61 682 (166 900); 687 (164 000) s 1.610 1724 1.856
1S, Zr; CHy; CH, 32 677 (98 800); 687 (104 900) 10 1.598

16, Hf; CHy; CH, 38 676 (133900); 686 (142 200) 10 1.589

“R! and R? are pendant groups in S-diketonato ligands (R'*COCHCOR?)™. Values in brackets are the extinction coefficients (&) of the Q, and Q
components of the Q band. “A4,,, = (A for Qy) — (Amax for Q). 9E°’ for waves I, III, F1, and F2 may be found in Table 2; AE®'|_j; = E°'| —

or o/ _ @O’/ _ jor . o/ _ [or  __ @or
E 1D AE F1-1II =E F1 E g AE FZ*III_E F2 E g

Table 2. Crystal Data, Structure, and Refinement Details for
PcHf(FCCOCHCOPh),, 7

empirical for-  C,H,cFe,HfN;O,  abs coeff/mm™ 247
mula
mol wt 1353.34 0 range for data  2.91-25.68
colln/deg
cryst size/ 0.22 X 0.13 X 0.07 index ranges -15<h<1§ -17<
mm? k<17,-19<1<19
temp./K 295 no. of reflns 30011
collected
wavelength/A  0.71073 no. of inde- 10398 [R(int) =
pendent reflns 0.106]
cryst syst triclinic completeness to  99.8%

6 = 25.68°

max and min
transmission

space group P-1 1.00000 and 0.93631

unit cell di- a =12.8711(7) refinement full-matrix least-squares
mensions/A method on P
b = 14.3680(7) data/restraints/ 10 398/0/766
params
¢ = 16.4049(9) goodness-of-fit 0.846
on P
vol./A3 2743.2 (3) final R indices [I R1 = 0.0540, wR2 =
> 26()] 0.0815
VA 2 R indices (all R1 = 0.1580, wR2 =
data) 0.0650
density 1.638 absolute struc- 0.035(17)
(caled)/Mg ture parameter
m—3
F(000) 1360 largest diff. peak  0.84 and —0.57

and hole/e
A3

C—C bonds closest to the more electron-withdrawing phenyl
group in the (O)C—CH—C(O) backbone are the shortest.
The cyclopentadienyl rings of both ferrocenyl groups are in
the staggered conformation. The deviation from the eclipsed
conformation for Fcl and Fc2, as measured with the dihedral
angles C(47)—centroidc;, ing—centroidp cp ring=C(33) and
C(66)—centroidcP ring —CeNtroidg by cp ring—C 52) were found
to be 14.29° and 23.35°, respectively. The distances between
the cyclopentadienyl rings for ferrocenyl groups Fcl and Fc2
were determined at 3.285 and 3.289 A, respectively. It was
found that the cyclopentadienyl rings of both ferrocenyl groups
were nearly parallel, with the dihedral angle between cyclo-
pentadienyl planes for Fcl and Fc2 at 1.68° and 0.88°,
respectively. The average C—C bond distances in the ferrocenyl
groups are 1.387 A for the unsubstituted cyclopentadienyl rings
and 1.409 A for substituted cyclopentadienyl rings. The longest

10247

bond is C(52)—C(53), 1.428(8) A, while the shortest bond is
C(47)—C(51), 1.363(10) A. Bond angles in the unsubstituted
and substituted cyclopentadienyl rings averaged 108°, the ideal
theoretical value. The largest deviations from the average values
were C(35)—C(36)—C(37) (+1.00°) on a substituted Cp ring
and C(66)—C(70)—C(69) (+2.96°) on an unsubstituted Cp
ring.

Unconjugated C=O bond lengths in p-diketones are
typically 1.206 A long, while single C—O bond lengths are
1.300 A.?® For 7, all C—O bonds lengths fall within these
extremes. The shortest is C(59)—O(3) with a length of
1.253(7) A, and the longest is C(38)—0(2) = 1.285(7) A. The
difference between the longest and the shortest C—O bonds in
7 is 0.032 A, while the difference between unconjugated C=0
and C—O bonds in f-diketones is 0.094 A.*° It is clear that the
C—O bonds encountered in 7 are much longer than typical
C=O0 bonds and meaningfully shorter than C—O bonds and
thus also indicative of significant delocalized character in both
p-diketonato fragments. Delocalized bonding thus occurs
throughout the two axial $-diketonato ligands and electron-
withdrawing or -donating effects from electrochemically
generated charged ferrocenium (Fe*, yp, = 2.82), neutral
ferrocenyl (Fe*, yp. = 1.87), and any R-f-diketonato group
may therefore be transmitted from the f-diketonato ligand to a
metal coordinated to it.

The remaining question to be answered to understand how a
substituent on one of the f-diketonato ligands of 7 in principle
can transmit any electronic effects it may have to another f-
diketonato ligand or the phthalocyanine macrocycle is an
understanding of how these effects may cross the hafnium core
of 7.

The Hf(1) atom in [PcHf(FcCOCHCOC4H;),], 7, has a
slightly distorted square antiprismatic coordination sphere. The
bond angles at this atom vary in the comparatively narrow
ranges of 71.2(2)—80.1(2)°, 109.6(2)—118.7(2)°, and
139.6(2)—143.5(2)°. The Hf(1)—O bond lengths average
2.155 A with a range of 2.144(4)—2.162(4) A, while the
Hf(1)-N bond lengths average 2.282 A with a range of
2.276(5)—2.291(S) A. The differences in the average Hf(1)—N
distances in particular results in a narrow splitting of the Q
band of complex 7’s UV—vis spectrum (Al = S nm) as it
contributes in breaking the D, symmetry of the phthalocya-
ninato fragment of the molecule.

The largest deviations from the Hf—O bond length average
of 2.155 A is 0.011 A for Hf—O(3), which has a bond length of

dx.doi.org/10.1021/ic302730v | Inorg. Chem. 2013, 52, 10245—10257



Inorganic Chemistry

—v
N(5)C(17-24)

N(3)C(9-19) N(1)C(1-8)

Figure 1. Molecular structure of [PcHf(FcCOCHCOCH;),], 7, showing atom labeling (top left). Bottom right view shows a top-down perspective
of 7 highlighting the position of the ferrocenyl moieties with respect to each other. Bottom left view shows a side-on perspective highlighting the
distortion of the phthalocyanine macrocycle from planarity. Hydrogen atoms are not shown for clarity. Staggered conformation of the two ferrocenyl
moieties is shown in the top right view. Selected bond distances (Angstroms) and angles (degrees) are as follows (see Supporting Information for
complete list of data): Hf—N(1) 2.283(5), Hf—N(3) 2.276(5), Hf—N(5) 2.291(5), Hf-N(7) 2.279(5), N(1)-C(1) 1.381(7), C(1)—C(2)
1.439(8), C(2)—C(3) 1.395(8), C(2)—C(7) 1.369(8), C(3)—C(4) 1.382(8), C(4)—C(5) 1.378(9), C(6)—C(7) 1.388(8), C(7)—C(8) 1.440(8),
N(1)-C(8) 1.371(7), avg. C—N(1,3,5,7) 1.381, avg. C—N(2,4,6,8) 1322, C(33)—C(38) 1.475(9), C(38)—C(39) 1.396(8), C(39)—C(40)
1.385(8), C(40)—C(41) 1.535(10), C(40)—0(1) 1.277(7), C(38)—0(2) 1.285(7), Hf—0O(1) 2.161(5), Hf—0(2) 2.162(4), Hf—0(3) 2.144(4),
Hf-0(4) 2.151(5), avg. C, C—C 1.398 (C(47)—C(51) 1.363(10) to C(52)—C(53) 1.428(8)); C(38)—C(39)—C(40) 120.2(7), O(1)—C(40)—
C(39) 124.7(8), O(2)—C(38)—C(39) 124.0(7), O(1)—C(40)—C(41) 113.2(7), O(2)—C(38)—C(33) 115.7(7).

12: FcCOCH2COCF3
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Figure 2. 'H NMR spectra in CDCl, of 2, 9, and 12.

2.144(4). The difference between the largest (Hf—O(2) = is 0.018 A. The largest deviations from the Hf—N bond average
2.162(4) A) and the smallest (Hf—O(3)) Hf—O bond lengths of 2282 A is 0.009 A for Hf—N(5) = 2.291(5) A. The
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difference between the longest (Hf—N(S)) and the shortest
(Hf-N(3) = 2.276(5) A) Hf-N bond lengths is 0.015 A.
These average Hf—N and Hf—O bond lengths are longer than
typical Hf—OR (1.925 A) bond lengths or shorter than Hf-
NR, (2.418 A) bond lengths In particular, the short Hf—N
bonds of 7 suggest through-bond electronic communication
will be possible through the Hf core of 7. The C—C bond
lengths of the aromatic phthalocyanine macrocycle fall within
the range 1.350(9)—1.455(9) A. The shortest phthalocyanine
C—C bond is 1.350(9) A for C(19)—C(20)n while C(25)—
C(26) = 1.455(9) A is the longest. The average phthalocya-
ninato C—C bond length is 1.398 A. Thus, it is expected that
the delocalized phthalocyanine macrocycle C—C bonds will
transmit any electron-withdrawing or -donating electronic
effects from axial ligands through its plane after it crossed the
Hf center.

The central N(1-8)C(1)C(8)C(9)C(16)C(17)C(24)-
C(25)C(32) macrocycle of the phthalocyanine ligand is not
exactly planar (deviations from the least-squares plane exceed
0.15 A) and has the appearance of a much flattened crown. The
Hf(1) atom is 1.338(3) A above this least-squares plane. The
dihedral angles between the N(1)N(3)N(5)N(7) plane and
planar bicyclic systems N(1)C(1-8), N(3)C(9-16),
N(5)C(17—24), and N(7)C(25-32) are 5.4°, 14.0°, 10.5°
and 3.7°, respectively. The six-membered pseudoaromatic
HfO,C; heterocyclic cores formed by the Hf and f-diketonato
ligands in 7 are also not planar, with dihedral angles between
the O(1)Hf(1)O(2) plane and the planar $-diketonato ligand
0(1)C(38—40)0(2) at 15.92° and between the O(3)Hf(1)-
O(4) plane and the planar f-diketonato ligand O(3)C(57—
59)O(4) at 18.93°. These large dihedral angle distortions from
0° are significant in explaining the split Q bands discussed
below.

Thus, in summary, the crystal structure of 7 suggests good
electronic communication between the different ferrocenyl
moieties and electronic interaction with the phthalocyanine
macrocycle is possible due to the delocalized nature of the C—
C backbone in the p-diketonato and phthalocyanine fragments
and the short Hf—N bonds. The capability of 7 to transmit
electronic effects from one end of the molecule to the other was
studied and quantified with the mathematical formulas in the
electrochemical section of this study.

TH NMR Spectroscopy of 1-8, 15, and 16. Figure 2
shows the 'H NMR spectra in CDCl; of [PcZr-
(FcCOCHCOCF;),], 1, together with the spectrum of the
free p-diketone FcCOCH,COCF;, 12, and the
dichlorozirconium(IV) phthalocyanine complex 9. The aro-
matic signals of the eight “H and "H protons of 9 shifted
downfield upon complexation with the two pf-diketonato
ligands from 7.92—-7.77 to 9.75—8.0S ppm for PcZr-
(FcCOCHCOCEF,),, 1. The coordinated f-diketonato methine
hydrogens of 1 shifted upfield from 6.11 ppm for the enol form
of the free ligand 12 to 4.72 ppm for coordinated fS-diketonate
ligands of 1. The large downfield shifts of the *H and "H
proton signals are considered to be the result of distortion of
the NMR’s magnetic field by the combined bulk of the
phthalocyanine ring and f-diketonato ligands probably because
of ring current effects. A similar downfield shift of the benzylic
proton peak positions of 3,6-di(octadecyl)phthalonitrile at 2.85
ppm was observed after cyclization to phthalocyanines, where
the same CH, signals resonate at 4.75 ppm.”’ Like 7, from
NMR evidence, complex 1 is clearly not symmetrical because
two methane (CH) "H NMR signals are observed at 4.7 ppm.

This means it possesses two geometrically inequivalent p-
diketonato ligands. We conclude from the inequivalent methine
protons in the '"H NMR spectra of 1—8 and also the single-
crystal X-ray structure determination of 7 that complexes 1—8
do not possess true D, symmetry as many other metalated
phthalocyanines have.

In addition, the complexity of both ferrocenyl signals
(normally just two triplets and one sm§let are expected in
the region 4—5 ppm”) and the “H and ’H proton signals of
1—8 over that observed for 9 and 10 is consistent with the f-
diketonato ligands being involved in dynamic equilibriums
involving more than just one isomer in solution upon binding
to the Hf or Zr metallic centrums. In the electrochemical
section below, evidence will also be presented that supports the
existence of more than one isomer in solution. This contrasts
the apparent inertness of a single isomer in the solid state
toward isomerization as observed crystallographically for 7, as
the structure of 7 was only solved several months after isolation
of the crystallographic quality crystals.

UV—vis Spectroscopy. The lack of “true” Dy, symmetry has
an effect on the electronic spectra of 1—8. Metal-free
phthalocyanines have D,;, symmetry which gives rise to two
Q-band maxima, Q, and Q,, in the region 620—700 nm. *! The
exact peak position depends on the substitution pattern on the
a and f§ positions: A4 = Ay qx — Amaxqy = 31 nm, for example,
for octa a-alkylated metal-free phthalocyanines (i.e., alkylation
in the nonperipheral a-positions). In contrast, metalated
phthalocyanines normally have Dy, symmetry with degener-
ation of the lowest energy singlet state.®’ As result, the Q, and
Q, bands of the metal-free phthalocyanines coalesce into 2
single strong Q-band absorption with A, close to 700 nm.?
From the '"H NMR spectra of 1—8 and structural determination
of 7 it is clear that D,, symmetry is not quite achieved in 1-8,
and upon inspection of the absorption spectra of 1—-8 in THF,
Q, and Q, Figure 3, it was noted that the Q bands are actually
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Figure 3. UV—vis spectra of zirconium complexes 1—4 and 15 in
THE, recorded at concentrations of 5 gmol dm™. Hafnium analogues
5—8 and 16 gave essentially identical spectra (see Supporting
Information). (Insert) Complexes followed the Beer—Lambert law
till at least 5 yM.

comprised of two closely overlapping separate peaks. A,
values are summarized in Table 1. PceM(CH;COCHCOCH,),
derivatives 15 an 16 have the largest A4, = 10 nm peak gap,
but this value is considerably smaller than the 31 nm A4,
value found in metal-free phthalocyanines.>" We conclude that
the degeneracy of the lowest energy phthalocyaninato singlet
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Table 3. Cyclic Voltammetry Data of 0.5 mmol dm™> Solutions of 1—8, 15, and 16 in CH,Cl, Containing 0.2 mol dm™>

[N("Bu),][B(C4Fs)4] as Supporting Electrolyte at 20 °C“

wave” E,,/mV AE,/mV E°'/mV o/ A ipe/ipa
PcZr(FcCOCHCOCEF;),, 1; (PcHf(FcCOCHCOCF;),, 5)

v, —2414 (-2372)° 230 (221) —2299 (—2262) 5.63 (3.75)¢ 0.65 (0.55)¢
v, —1830 (—1840)° 94 (101) —1783 (—1790) 571 (4.17)7 0.50 (0.40)%8
11, —1402 (—1406)° 74 (64) —1365 (1374) 629 (542)7 0.54 (0.38)°%
I 270 (270) 84 (83) 228 (229) 5.46 (4.48) 0.92 (0.93)
F1 460 (461) 78 (72) 421 (425) 5.77 (4.42) 0.98 (0.95)
F2 632 (631) 84 (86) 590 (588) 521 (4.22) 1.03 (1.05)
PcZr(FcCOCHCOCH,),, 2; (PcHf(FECCOCHCOCH,),, 6)
v, —1951 (-1933)° 90 (80) —1906 (—1893) 3.64 (2.68)7 0.60 (0.53)°
11, —1497 (—1489)° 74 (67) —1460 (—1456) 5.09 (3.04)¢ 0.72 (0.70)*%
I 167 (164) 82 (69) 126 (130) 4.51 (2.54) 1.02 (1.00)
F1 299 (288) 92 (71) 253 (253) 4.62 (2.67) 0.93 (0.95)
F2 483 (474) 78 (67) 444 (441) 4.73 (2.48) 0.93 (1.08)
I 1257 (1265) 72 (78) 1221 (1226) 3.19 (2.35) 0.76 (0.92)
PcZr(FcCOCHCOP),, 3; (PcHf(FcCOCHCOPH),, 7)
v, —1947 (-1915)° 70 (74) —1912 (—1878) 2.56 (4.64)7 0.88 (0.93)°
11, —1501 (—1492)° 68 (69) —1467 (—1458) 4.19 (5.00)? 0.92 (0.92)*8
I 161 (167) 68 (69) 127 (133) 4.68 (4.49) 0.92 (0.95)
F1 299 (291) 72 (68) 263 (257) 4.30 (4.38) 0.91 (1.03)
F2 485 (474) 100 (103) 435 (423) 4.68 (4.27) 0.92 (0.95)
II 1265 (1267) 76 (75) 1227 (1230) 3.16 (4.16) 0.92 (0.81)
PcZr(FcCOCHCOFc),, 4; (PcHf(FcCOCHCOFc),, 8)
v, —1955 (—1987)¢ 68 (72) —1921 (-1951) 091 (1.21)¢ 0.61 (0.67)°
111, —1513 (-1526)° 64 (79) —1481 (—1487) 0.73 (1.76)% 0.60 (0.89)°%
I 157 (139) 84 (65) 115 (107) 3.15 (1.46) 0.96 (0.95)
F1 337 (283) 82 (98) 296 (234) 2.70 (1.49) 0.96 (0.89)
F2 423 (406) 68 (69) 389 (372) 2.81 (1.52) 1.08 (1.04)
F3 571 (568) 62 (67) 540 (535) 2.13 (1.46) 1.05 (1.00)
F4 719 (780) 62 (71) 688 (745) 2.19 (1.14) 1.02 (0.94)
PcZr(CH;COCHCOCHs),, 15; (PcHf(CH;COCHCOCH;),, 16)
v, —1917 (—1899)° 76 (107) —1879 (—1845) 4.36 (5.45)°¢ 0.83 (0.67)°
11, —1450 (—1439)° 69 (78) —1416 (—1400) 527 (6.36)7 0.79 (0.80)*8
I 215 (224) 72 (77) 179 (185) 444 (5.38) 0.91 (0.98)
il 950 (958) 131 (112) 885 (902) 4.51 (5.66) 0.63 (0.58)

“Values given in italics and parentheses are those of the Hf derivatives. bRing—based redox processes are labeled in Roman numerals; ferrocene-based
redox processes are labeled with precursor “F”. “E,, values are given. dipc values are given. “i,,/ivalues are given.f Complexes 1, 4, 5, and 8 showed
no wave II within the potential window CH,Cl, allows. #Upon changing the switching potential such that wave IV is eliminated, current ratios for
wave IIT approach unity. Wave IV current ratios came much closer to 1 if wave V is excluded from the CV experiment, but unity was never achieved.

state of 1—8 and also the acac complexes 15 and 16 is partially
lifted in these complexes but not to the same extent as that
observed in metal-free phthalocyanines. The ferrocene-free
complexes studied by the Tomachynski—Kadish collabora-

.1
tion'%®

showed a similar Q-band splitting as our ferrocene-
containing complexes did, but no explanation was provided for
the observed splitting. In contrast, the chloro complexes 9 and
10 do not show Q-band splitting which indicates that true D,
symmetry was achieved (see Supporting Information). Since -
diketonato ligand coordination distorted the expected D,
symmetry to approximate a D,, symmetry, splitting of the Q_
band into Q, and Q, components is perfectly feasible. We
conclude that Dy, symmetry distortion does not have to be
pronounced to generate measurable Q-band splittings into a Q,
and Q, component as observed in 1—8, 15, and 16. Related to
their general high solubility in organic solvents, phthalocyanine
complexes 1—8 showed no aggregation in THF up to 5 uM
concentrations. Rather, it followed the Beer—Lambert law (A =
eCl with A = absorbance, € = extinction coefficient, C =
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concentration, and ! = path length = 1 cm) as absorbance
correlated linearly with concentration (Figure 3) up to S uM.

Electrochemistry. Cyclic voltammetry (CV), linear sweep
voltammetry (LSV), and Osteryoung square-wave voltammetry
(OSW) were conducted on 1—8 as well as 15 and 16 in dry
CH,Cl, utilizing 0.2 mol dm™ [N("Bu),][B(C¢Fs),] as
supporting electrolyte. This solvent is known to minimize
solvent—compound interactions, while the electrolyte mimi-
mises ionic interactions of the type (cations)"*---"[B(C4Fs),].*>
Data for cyclic voltammetry experiments are summarized in
Table 3; CVs are shown in Figures 4 and S.

Except for the diferrocenyl complexes 4 and 8, four of the
possible six phthalocyanine ring-based redox processes labeled
in Roman numerals I-V could be observed; 4 and 8 showed
only three. All ferrocene-based redox processes F1—F4 could
also be observed, and strikingly, they were well resolved. That
these ferrocenyl peaks were well resolved stems from the use of
the CH,Cl,/[N("Bu),][B(C4Fs),] solvent/supporting electro-
lyte system. Peak potentials of the corresponding Hf and Zr
complexes were almost the same. Potentials of corresponding
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Figure 4. Osteryoung square wave voltammograms at 10 Hz (top),
linear sweep at 2 mV/s (middle), and cyclic voltammograms (bottom)
of 8 in CH,Cl,/0.2 mol dm™ [N("Bu),][B(C¢Fs),] on a glassy
carbon-working electrode at scan rates of 100, 200, 300, 400, and 500
mV/s. Decamethylferrocene, Fc*, was used as internal standard, but
potentials are referenced FcH/FcH'. Arrows show the onset potential
and scan direction. Current of the LSV experiment was scaled by a
factor of 3 to afford better interpretation.
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Figure 5. Cyclic voltammograms of ca. 0.5 mmol dm™ solutions of
PcZr(FcCOCHCOR), 1—4 at 100 mVs™! in CH,Cl,/0.2 mol dm™>
[N("Bu),][B(C4Fs),] at 20 °C. PcZr(CH;COCHCOCH,),, 15, is
included for comparison. Dotted and dashed graphs in 1 represent
CVs in which the switching potential was set to exclude either wave V
or wave IV. This resulted in a substantial decrease in peak currents of
wave IV, while wave IIT, was totally eliminated.

redox processes for the Zr complexes with only a few
exceptions were within 15 mV of that of the Hf complexes,
Table 3. The second ring-based reduction, wave IV, or in the
case of 1 vs §, the third ring-based reduction, wave V, showed

10251

the biggest difference in E°’ values (30—62 mV). In oxidative
processes (waves I, II, and the ferrocenyl waves), the difference
between E°’ values for Hf and Zr complexes were, with one
exception, even less. The exception, complex 8, exhibited a 57
mV larger E°’ value for wave F4 than complex 4.

As with the ferrocene-free corn?ounds described in the
Tomachynski—Kadish collaboration,'® at least two ring-based
reduction waves labeled IV and III could be observed for all
complexes within the negative potential limit CH,Cl, allows,
while the CF; complexes 1 and S showed a third redox couple,
wave V, Figure S. From the literalture,léC when the electron-
donating ferrocenyl group is replaced with a phenyl group, the
CF; complexes exhibit four reduction processes. Except for 15
and 16, all other Tomachynski compounds showed three
reduction processes.'® Our results, like the crystal structure of
7 suggested, indicate that the electron-withdrawing CF; group
of the axial -diketonato ligands communicate through the Hf
and Zr center with the macrocycles. The electron-withdrawing
capability of the CF, group is the largest (ycp; = 3.01) of all §-
diketonato R groups™ and therefore will withdraw the most
electron density from the macrocycle through the Zr/Hf metal
center. For the CF; complexes 1 and §, so much electron
density was removed from the macrocyclic rings that the third
ring-based reduction couple moved into the potential window
in which CH,Cl, allows electrochemical measurements. Wave
V represented an electrochemical irreversible process in both 1
and § as AE, > 220 mV even at slow (100 mV s™') scan rates.
Theoretically, electrochemical reversibility is characterized by
AE, values of 59 mV.**** In general, peak positions II[-V of
1-8, 15, and 16 moved to higher or lower potential values in a
manner that is dependent on the combined electron-with-
drawing or electron-donating effect of the pendent side groups
R, Fc, or CH; on the macrocycle. These potential shifts in E°’
values could be mathematically quantified (Figure 7) and are
discussed below.

The third reduction wave of 1, wave V, showed the typical
features of analyte electrode deposition because, upon
reduction, i, for this wave was much larger compared to
either i, or i,. of the other waves (wave V ipa/ e = 0.65). This
led to the distorted shape of wave V in Figure S compared to
the ideal CV shape as exhibited by the Fc* wave.

Waves IV and III showed signs of E,,, peak splitting into IV,
and IV} as well as III, and III, components, Figures 4 and S,
during the anodic half cycle. This feature was most prominent
in 1, 2, 5, 6, and 16, although the other complexes also showed
this effect to a limited extent. In contrast, upon changing the
switching potential to values that excluded wave IV, wave III
had the normal CV shape with no peak splitting in the anodic
half cycle. This is demonstrated in Figure 5 for complex 1. It
follows that the electrochemistry associated with wave IV is the
source of this split in anodic wave III. However, when the
switching potential was adjusted to exclude wave V, wave IV,
was not eliminated but only became smaller.

There are three possible explanations for the observed anodic
peak split at waves III and IV. The first may be linked to the
complexes themselves in that the axial $-diketonato ligands may
isomerize during the second reduction (i.e., at wave IV) into
different geometries. Although it is quite clear that different
isomers may exist in solution (see "H NMR discussion above),
we do not consider this as a major contributing reason for the
observed anodic peak splits at waves III and IV because
complexes 15 and 16 bearing the symmetric acac axial ligands
also very clearly show this peak splitting. Apparently the
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possible different isomers have a large effect on 'H NMR
spectra, but in view of the good AE values observed (Table 3),
they have little or no effect on the redox potentials of 1-8, 15,
and 16. Second, compound deposition on the electrode during
reduction at wave IV potentials may give rise to the observed
peak splitting. However, unlike wave V for 1, wave IV i, values
for all complexes were very close to the i, values of all other
peaks, which are consistent with no significant electrode fouling
due to electrode deposition at wave IV reduction. The third and
more likely explanation for anode peak splitting of waves IV
and V is product dimerization after the second reduction at
wave IV occurred. Self-association of oxidized or reduced
metal-containing phthalocyaninato macrocycles is not un-
known, and we reported extensively on this phenomena
utilizing cadmium phthalocyanines.>® A crystal structure of a
trimeric associated cadmium species was also described.*® The
reduction behavior of 1-8, 15, and 16 is consistent with
dimerization as shown in Scheme 2.

Scheme 2. Mechanism Explaining the Reducing
Electrochemistry of 1-8, 15, and 16“

+2e , wave 111
2 [MPc(p-diketonato);] ——= 2 [MPc(j-diketonato);]’
- 2e, wave I,
-2 i
: *wavu y anodic A| cathodic
[MPc(p-diketonato),],2~ borreicld | otk
- 2e *Wave Wy ‘2: +1.'e'
physical

[MPc(p-diketonato),],*”
L association

2 [MPc(p-diketonato),]*

electrochemical
irreversible,
+2e

wave V,

dissociation
[MPc(p-diketonato),],>” =———= 2 [MPc(p-diketonato),],*"
{only 1 and 5)

“Each step represents a one-electron transfer per molecular fragment.
Only complexes 1 and § also show wave V. M = Zr or Hf.

The relative intensity of waves IV, and IV, as well as waves
II, and III, will depend on (a) how slow the equilibrium
involving self-association is and (b) what the equilibrium
constant of this equilibrium is. Peaks IV, and IV, as well as III,
and III, were in general approximately 200—250 mV apart.

It is not clear whether 1 and $ after wave V reduction still
exists as a dimer, as no clear anodic peak splitting for wave V
was observed. The large negative charge (6—) does argue in
favor of dimer break up due to repulsive forces, although in our
cadmium studies a trimer having charge —11 was found to be
feasible on CV time scale.’>*°

The peak current ratios of waves IV deviated from unity
depending on how intense peak IV, was (Table 2), while that
of wave III approached unity if the switching potential was
chosen such that wave IV was not observed.

The oxidation behavior of 1—8, 15, and 16 manifested in one
or two ring-based oxidations I and II and successive ferrocenyl
oxidations labeled F1—F4 (Figures 4 and S). This contrasts the
two or three oxidations observed by Tomachynski and
Kadish'® and is a direct consequence of the influence of the
electron-withdrawing Fc* group on the ring-based oxidation
redox processes of our compounds. All oxidations were
electrochemically reversible at slow (100 mV s™') scan rates
with AE < 90 mV and, excluding the redox process associated
with wave II, chemically reversible with peak current ratios
approaching unity, Table 3. That the first ring-based oxidation
observed at wave I occurs before the ferrocenyl-based

oxidations was confirmed by spectroelectrochemistry and is
discussed below. The HOMO—-LUMO gap expressed by
AE® = AE” ve1 — AE” e (Table 1) averaged 1.600
V, which is within the AE®';_y; = 1.56—1.67 V range observed
for other Zr and Hf phthalocyanines.'® This shows that the
presence of the ferrocenyl groups on axial S-diketonato ligands
does not excessively influence the HOMO—LUMO gap for the
first reduction and first oxidation ring-based redox processes.

The second ring-based oxidation associated with wave II was
only observed for 2, 3, 6, 7, 15, and 16 because for these
complexes the electron density of the phthalocyaninato
macrocycle was large enough that this redox process occurred
in the potential window that the solvent CH,Cl, allows.
However, for 1, 4, 5, and 8, the two CF; substituents (ycg; =
3.01) or the four (oxidized) ferrocenium groups (Fc* =
(CsHs)Fe™(CH,) with yp, = 2.82) withdrew so much
electron density from the phthalocyaninato macrocycle that
the second ring-based oxidation fell outside the usable potential
window of CH,Cl,. This results also confirms good through-
bond electronic communication between f-diketonato pendent
side groups (Fc or R) and the phthalocyaninato macrocycle.
Because of this good communication, the observed redox
potentials associated with all oxidative peaks were also
dependent on the sum of the pf-diketonato pendent side
group electronegativities, Zyy. This is discussed and mathemati-
cally quantified, see Figure 7.

The extraordinary resolution of the ferrocenyl-based waves is
the result of good through-bond communication between
differently charged ferrocenyl groups in partially oxidized
intermediates and also use of the CH,Cl,/[N("Bu),][B-
(CeFs),] solvent/supporting electrolyte system which mini-
mizes ion pair formation of the type (cation)"":--"[B(C4Fs),].
The pioneering research of especially Geiger’ >’ highlights the
beneficial effects that can be obtained using this solvent/
electrolyte system. During the oxidation of each ferrocenyl
group, mixed-valent species are formed, Scheme 3. The groups
electronegativity of the neutral ferrocenyl group is yp. = 1.87,
and that of the positively charged ferrocenium group is yg., =
2.82.>° As 1-8 becomes progressively more oxidized, the
electron-withdrawing effect of each positively charged ferroce-
nium group is transmitted via through-space electrostatic field
effects” and also via through-bond field effects via the

Scheme 3. Oxidation Processes for 3 Highlighting the Active
Redox Site for Each Process®

[(Pc)?~ Zr(FcCOCHCOPh),]°
“le”d -1e”
Wave I | EY = 127 mV

[(Pc)~Zr(FcCOCHCOPh),]*
~le 4l =1e¢”

Wave F1[; E” =263 mV
[(Pcy~ Zr(Fc* COCHCOPh)(FECOCHCOPH)J*

tle 1 1 e
Wave F2 l E* =435 mV
[(PC]'_ZI’{FC'COCHCOP"IFQP'

+1e | -1¢

Wave II [ E" = 1227 mV
[(Pc)® Zr(Fc*COCHCOPh),J**

“Zr is charged 4+. Each f-diketonato ligand has in itself a single
negative charge prior to Fc oxidation, and the phthalocyaninato ring
has in the resting state a charge of 2—. Charges shown adjacent to the
Pc ring round brackets represent the overall charge on the Pc ring, and
the charge outside the square brackets represents the overall molecular

charge.

dx.doi.org/10.1021/ic302730v | Inorg. Chem. 2013, 52, 10245—10257



Inorganic Chemistry

delocalized f-diketonato bonds described in the crystallo-
graphic section above to the remaining yet-to-be oxidized
ferrocenyl groups. The result of this good electronic
communication causes the remaining ferrocenyls to become
progressively more difficult to oxidize. In the case of 4 and 8,
this resulted in the observed 392 or S11 mV span of ferrocenyl
formal oxidation potentials for peaks F1—F4 (Table 3).
Different formal reduction potentials for symmetrical com-
plexes in which mixed-valent redox-active intermediates are
generated (here, for example 4%, 4>, 4%, 4%, and 4%,
respectively) are well known in systems that allow through-
bond electronic communication between these molecular
fragments.39

The Osteryoung square wave voltammetry (OSV) showed
enhanced resolution of waves I and F1—F4 and II, Figure 4, and
linear sweep voltammetry (LSV) showed that each redox wave
in 1-8, 15, and 16 represents the same number of electron
flow, namely, a one-electron transfer process.

Spectroelectrochemistry of [PcZr(FcCOCHCOCF;),], 1.
To decide whether the first observed oxidation wave was that of
the first ring-based Pc/Pc* oxidative couple (ie., wave I) or
whether it was the first Fc/Fc* couple of one of the f-
diketonato ligands (i.e, wave F1), three approaches are
relevant. The first relates to Figure 7 (next section) that
demonstrates the good relationship between Xy and E° for
waves series I and F. If the assignment of waves I and F1 were
the wrong way around, then the points of wave I ferrocene-free
derivatives 15 and 16 is completely off the wave I line. The
good fit for all other points on lines associated with waves F
and I (Figure 7) argues completely against this.

Second, consideration of the HOMO-LUMO gap of
phthalocyanines having redox-silent metals coordinated in its
central cavity, here Zr*" and Hf", is also relevant. The
difference between E°’ of the first oxidation process (wave I)
and E° for the first reduction process (wave III) is directly
related to the HOMO—-LUMO energy gap for metalloph-
thalocyanines having redox-silent metal centers (zirconium and
hafnium in this case).*® The energy of the Q-band absorption is
also related to the Q-band A, value* via the equation E = hc/
A. Since the Q-band absorption wavelength for the ferrocene-
free acac-containing complexes 15 and 16 are for all practical
purposes observed at the same wavelength as those of the
ferrocene-containing complexes 1—8, it can be concluded that
the energies of the HOMO—LUMO gaps are almost the same
for all these complexes. Therefore, the AE®'|_j; = E% et —
E® e m potential differences should be closely the same for
1-8, 15, and 16. By comparing the UV—vis Q-band absorption
wavelength of PcZr(CH;COCHCOCH;), (18, Apyqx = 677
nm and 4o, = 687 nm, Table 1) with that of ferrocenyl-
containing PcZr(FcCOCHCOCHs;), (2, Amagqy = 681 nm and
Amaxqy = 687 nm) it is clear that they have similar HOMO—
LUMO gap energies (because A,,,, values are almost the same).
Since the central zirconium metal is redox silent in the studied
potential range, it translates that the AE°’|_j; potential
difference for these complexes should be closely the same.
Macrocycle- (waves [-V) and ferrocenyl-based (waves F1—F4)
formal reduction potentials, E°’, are summarized in Table 1.
The AE®’|_j; potential difference of 15 was found to be 1.598
V (Table 1). For 2 there are 3 possibilities to calculate AE®’|_y.
One has to use either the first oxidation wave, labeled I giving
AE°' |y = 1.593 V, or the second, which is wave F1; then
AE® g _mp = 1.714 V, or the third oxidation redox process
observed, which is wave F2 giving AE°'¢, 1y = 1.908 V. From

these three possible AE®’ potentials it can be concluded that
the only viable option is when the first oxidation process is
macrocycle based, as assigned in the electrochemical discussion
above. This then is followed by the two ferrocenyl-based
processes F1 and F2. A similar treatment of data has also been
applied to all other complexes, AE®’ values are summarized in
Table 1. The close agreement of AE®| j; values for all
complexes inclusive of 15 and 16 is apparent (1.589 < AE®'|_j;
< 1.611 V) and consistent with the assignment of wave I to the
first ring-based oxidation of each macrocycle and NOT to the
first ferrocene-based oxidation of complexes 1—8.

To experimentally confirm the redox process assignment of
wave I as belonging to the first ring-based oxidation of each
macrocycle as described above, complex PcZr-
(FcCOCHCOCEF,),, 1, was analyzed by means of spectroelec-
trochemistry using a optically transparent thin-layer electro-
chemical (OTTLE) cell with CaF, windows 2 mm apart, a
platinum minigrid working electrode, a platinum wire auxiliary
electrode, and a silver wire reference electrode. Complex 1 was
chosen for this experiment as it has the best resolution between
the three redox waves I, F1, and F2 in the 0—700 mV range
(versus FcH/FcH", values as per Table 3).

The cyclic voltammogram obtained by employing the
OTTLE cell for 0.125 mM solutions of 1 in CH,Cl,
(Supporting Information) showed three anodic peak potentials
vs Ag wire (not FcH/FcH") at 640, 875, and 1050 mV.

When a potential of 0.4 V vs Ag wire was applied to the
OTTLE cell (ie., a potential substantially smaller than the E°’
of wave I) almost no spectral changes were observed in the
UV—vis spectrum of 1, Figure 6. This was consistent with a
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Figure 6. UV—vis spectral changes for a 0.125 mmol dm™ solution of
1 in CH,Cl, upon applying 400 and 700 mV vs Ag wire to an OTTLE
cell in the presence of 0.025 mol dm™ [N("Bu),][B(C¢Fs),] as
supporting electrolyte. Points labeled i (at 313 nm), ii (383 nm), iii
(614 nm), and iv (713 nm) are isosbestic points that were observed
during electrochemical oxidation of 1 that resulted in diminishing of

the Q band.

potential that is too small to induce any oxidation. Upon
applying a potential larger than E°’ of wave I but smaller than
E,, of wave F1, E, j.q = 700 mV vs Ag wire, the Q band was
almost destroyed completely (Figure 6). The spectral changes
observed reproduce the spectral changes of nonferrocene-
containing #-diketonato Zr and Hf phthalocyaninato complexes
very well."® Tomachynski and Kadish identified in their
spectroelectrochemical study on a thio-substituted acac
derivative coordinated to Hf that a band at 851 nm forms,
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the Q band at 692 and 680 nm disappears, a band at 617 nm
disappears, a band at 520 nm forms, a band at 383 nm forms,
and a B (Sorret) band at 341 nm disappears or changes
intensity upon oxidation. In our case, oxidation of the trifluoro
ferrocenyl f-diketonato complex of Zr, complex 1, followed
exactly the same trend at peaks with maximum wavelengths
845, 689, 681, 617, 525, 393, and 329 nm. We conclude that
our spectroelectrochemical result is consistent with a ring-based
oxidation assignment for wave I and not with a ferrocenyl
assignment. If wave I oxidation was associated with the
ferrocenyl groups rather than the macrocyclic ring, the Q band
would shift to another A, value.*!

Allthough this study has not focused on reductive
spectroelectrochemical studies, reductive spectroelectrochem-
ical studies on structually related complexes may be found in
the Tomachynski—Kadish work."

Quantification of the Relationship between Xy; and
E°’. It was previously shown that E°’ can be expressed linearly
as a function of the sum of group electronegativities in
complexes of the type [Rh(FcCOCHCOR)(CO),],** [Rh-
(FcCOCHCOR)CO(PPh;)],** and [Rh(FcCOCHCOR)-
(cod)]*" and also as the sum of the group electronegativities
of four meso substituents, Xyg = ¥p; + Yro + Y3 + Xray fOT
porphyrins.** In all these complexes, good communication
exists between molecular fragments. We show here for the first
time that the sum of group electronegativities of f-diketonato
pendant side groups when axially coordinated to metal
phthalocyanines may also be used to predict phthalocyaninato
redox potentials. To explain the approach that was used,
consider peak F2 of PcZr(FcCOCHCOCEF;),, 1. Peak F2
represents the couple

[(Pcy~ Zr(Fc*COCHCOCF,;)(FcCOCHCOCF3))#*

Wave F2, ul 590 mV, 12+
+1e -1e”

[(Pc)y ™ Zr(Fc*COCHCOCF;),)*
131-

Then for 1**

T =W + Xep) + Oy + Xops)
=(1.87 + 3.01) + (2.82 + 3.01)
=10.71

Similarly, a measure of the electron density on 1°* that is to
be oxidized at wave Il is Y yy = 11.66. The quantity Ty was
calculated for all electrochemically observed intermediates for
all complexes.

Figure 7 shows the relationship between Yy and E°’ for
each macrocycle-based redox process as well as the ferrocenyl
processes for compounds 1-8, 15, and 16. For each redox
process, a linear relationship between E° and Yy was
observed. The equations predicting E°’ (V) from ) vy for 1-8
for each wave I-IV and F were found to be

IV: E° = 0054 ) — 2.347 (R = 0.7936) (1)
IL: E° = 0.048 ) 5 — 1.854 (R* = 0.9396) @)
L E° = 0.047 )z — 0242 (R* = 0.8791) 3)
IL: E% = 0333 ) 5 — 2201 (R’ = 0.9349) )

2.0 - I
1.5
1.0
=
001 2 12 ma
.9 09 ®® i
20 ldpe—tt—"
7 12

8 9 10 M
ZXr (Gordy Scale)

Figure 7. Linear relationship between the sum of the group
electronegativities of f-diketonato pendant R groups, Xyy, and the
formal redox potentials E°’ for the ferrocenyl redox processes (wave
series F) and the phthalocyaninato ring-based processes associated
with waves I, II, III, and IV. Compound numbers are given in each
circle. Solid blue markers indicate Zr complexes, while hollow black
markers indicate Hf complexes. Points that have the appearance of a
blue marker encaged in a black border are points where the Hf and Zr
data overlap. Solid black markers indicate expected positions for wave
IT of complexes 1, 4, S, and 8.

F: E° = 01323 ). 4 — 0.7835 (R = 0.8011) s)

Wave II of complexes 1, 4, 5, and 8 was not experimentally
observed because it fell outside the potential window of the
solvent. However, utilizing eq 4, the value for these complexes
could now be predicted. They are estimated as approximately
1.62(S) V for 4 and 8 (R = Fc) as well as 1.71(6) V for 1 and §
(R = CF,).

B CONCLUSIONS

[PcM(R'COCHCOR?),] complexes 1—8, 15, and 16 with M =
Zr, Hf and substituents R' = Fc or CH; and R = CF;, CH,, Ph,
and Fc were synthesized. The structure of PcHf-
(FcCOCHCOPh),, 7, was solved and gave clear indications
by means of delocalized bond lengths that good communica-
tion between pendant pf-diketonato substituents and the
phthalocyaninato ring should exist. The observed distortion
of the expected D, symmetry of the phthalocyaninato
coordination site explains the Q-band splitting into Q, and
Q, components with 3 < A4, < 10 nm. The observed Q-
band peak splitting resembled Q-band peak patterns for metal-
free phthalocyanines, although then A/, & 30 nm, where Dy,
symmetry is lifted to become D,,. From an electrochemical
study it was possible to resolve all the Fc/Fc* couples of 18 in
the formal reduction potential range 236 < E°' < 745 mV vs
FcH/FcH". Spectroelectrochemical evidence, UV—vis Q-band
maximum wavelengths, and HOMO—-LUMO energy gaps as
expressed by AE®|_j; = AE® o1 — AE® e m values were
mutually consistent in indicating that the first ring-based
oxidation occurs before ferrocenyl oxidations take place. The Zr
and Hf centers are redox silent and exert comparable influences
on the redox potentials in complexes 1—8, 15, and 16. The E°’
potentials of all ferrocenyl and ring-based redox couples were
observed to increase linearly with an increase in the sum of the
group electronegativity Xy of the pendant R groups of the
axial p-diketonato ligands; the relationship between E°’ and
Zyr could mathematically be quantified for each of the four
observed ring-based redox processes as well as for the
ferrocenyl-based redox processes. This allowed prediction of
potentials for redox processes that fall outside the workable
potential window of the solvent, here CH,Cl,.
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B EXPERIMENTAL SECTION

General Information. Solid reagents (ferrocene, ZrCl,, and
HfCl,; Aldrich) were used without any further purification. Organic
solvents were dried according standard methods or distilled directly
prior to use where specified. Doubly distilled water was used. Column
chromatography was performed on Kieselgel 60 (Merck, grain size
0.040—0.063 nm) using hexane:diethyl ether (1:1) as mobile phase
unless otherwise specified. Ferrocene-containing f-diketones
FcCOCH,COR with R = CH; (11), CF; (12), Ph (13), and Fc,
14) were synthesized utilizing published methods with care being
taken to separate it from the aldol self-condensation product of acetyl
ferrocene, FcCOCH=C(CH,)Fc.*>** Precursors PcZrCl, and
PcHfCl, and [PcM(acac),] complexes 15 and 16 were synthesized
as described before.'® The electrolyte [N("Bu),][B(C4F;),] was
synthesized according to the procedure described by Geiger.*” 'H
NMR spectra at 20 °C were recorded on a Bruker Advance DPX 300
NMR spectrometer at 300 MHz with chemical shifts presented as &
values referenced to SiMe, at 0.00 ppm utilizing CDCl; as solvent.
Elemental analyses were performed either by the University of the
Free State’s Analytical Chemistry division using a Leco Truspec Micro
instrument for C, H and N analysis or by Canadian Microanalytical
Service, Delta, British Columbia, Canada.

Synthesis of 1—8. All complexes were prepared according to the
same procedure; synthesis of 1 may serve as an example.

Bis-(1-ferrocenyl-4,4,4-trifluorobutane-1,3-dionato-x’-0,0')-
zirconium(lV) phthalocyanine, 1. PcZrCl, (356.5 mg, 0.53 mmol)
was suspended in toluene (10 mL), and solid 1-ferrocenyl-4,4,4-
trifluorobutane-1,3-dione (2.2 eq., 376.7 mg, 1.16 mmol) was added to
the mixture. The reaction mixture was heated at reflux for 4 h. The hot
reaction mixture was filtered, and the obtained solution was cooled to
room temperature. n-Hexane (200 mL) was added to the solution, and
the mixture was cooled to —25 °C for 18 h to precipitate the product.
The precipitate was filtered off and washed with n-pentane until
washings were colorless. The precipitate was first air dried and then
finally dried under vacuum (<580 mmHg) at 60 °C for 8 h to give 349
mg of 1 in 52.7% yield. Mp > 350 °C. 'H NMR &, (300 MHz,
CDCL,)/ppm: 9.75—9.25 (m, 8H, 8 X Ar—H"), 8.45—8.05 (m, 8H, 8
X Ar—H’), 4.76-4.68 (s, 2H, 2 X CH), 4.41-3.53 (m, 18H, 2 X C;Hj,
2 X CsH,). Anal. Calcd for CgoH34FFe,NgO,Zr: C, 57.66; H, 2.90; Fe,
8.94; N, 8.97; Zr, 7.30. Found: C, 57.16; H, 3.33; Fe, 7.96; N, 9.11; Zr,
8.3S.

Characterization Data for 2-8. Bis-(1-ferrocenylbutane-1,3-
dionato-x*-0,0")zirconium(lV) Phthalocyanine, 2. Complex 2 was
prepared from PcZrCl, (397 mg, 0.59 mmol) and 1-ferrocenylbutane-
1,3-dione (2.2 equiv, 350 mg, 1.30 mmol) in toluene (10 mL). Yield 2:
13.6% (91.6 mg, 0.08 mmol). Mp > 350 °C. 'H NMR &,; (300 MHz,
CDCl,)/ppm: 9.75—9.30 (m, 8H, 8 X Ar—H?), 8.35—8.04 (m, 8H, 8
X Ar—H"),4.52-4.47 (s, 2H, 2 X CH), 4.26—3.48 (m, 18H, 2 X CsHj,
2 X CgH,), 1.32 (m, 6H, 2 X CH;). Anal. Caled for
CeoHyFe,NgO,Zr: C, 63.11; H, 3.71; Fe, 9.78; N, 9.81; Zr, 7.99.
Found: C, 62.67; H, 4.12; Fe, 8.95; N, 9.44; Zr, 9.41.

Bis-(1-ferrocenyl-3-phenyl-1,3-propanedionato-«?-0,0’)-
zirconium(lV) Phthalocyanine, 3. Complex 3 was prepared from
PcZrCl, (220 mg, 0.33 mmol) and 1-ferrocenyl-3-phenyl-1,3-propane-
dione (2.2 equiv, 238 mg, 0.72 mmol) in toluene (10 mL). Yield 3:
41.3% (172.5 mg, 0.136 mmol). Mp > 350 °C. 'H NMR &y (300
MHz, CDCL,)/ppm: 9.74—9.08 (m, 8H, 8 X Ar—H"), 8.45—7.98 (m,
8H, 8 X Ar—H"), 7.53—6.88 (m, 10H, 2 X C¢Hy), 5.22—5.16 (s, 2H, 2
X CH), 4.28—3.29 (m, 18H, 2 X C;H, 2 X CsH,). Anal. Calcd for
C,0HyFe,NgO,Zr: C, 66.41; H, 3.66; Fe, 8.82; N, 8.85; Zr, 7.21.
Found: C, 66.16; H, 4.23; Fe, 7.66; N, 8.42; Zr, 8.37.

Bis-(1,3-diferrocenylpropane-1,3-dionato-«?-0,0’)zirconium(lV)
Phthalocyanine, 4. Complex 4 was prepared from PcZrCl, (136.6 mg,
0.20 mmol) and 1,3-diferrocenylpropane-1,3-dione (2.2 equiv, 196 mg,
0.45 mmol) in toluene (10 mL). Yield 4: 32.9% (98.4 mg, 0.066
mmol). Mp > 350 °C. 'H NMR &y (300 MHz, CDCl,)/ppm: (poor
solubility): 9.74—9.50 (m, 8H, 8 X Ar—H"), 8.41—8.18 (m, 8H, 8 X
Ar-H’), 5.38 (s, 2H, 2 X CH), 4.44-3.50 (m, 36H, 4 X C;H; 4 X
CiH,). Anal. Caled for C,gHg,Fe,NgO,Zr: C, 63.22; H, 3.67; Fe,

15.07; N, 7.56; Zr, 6.16. Found: C, 61.53; H, 4.11; Fe, 14.04; N, 7.84;
Zr, 8.71.

Bis-(1-ferrocenyl-4,4,4-trifluorobutane-1,3-dionato-«*-0,0’)-
hafnium(lV) Phthalocyanine, 5. Complex S was prepared from
PcHfCl, (350 mg; 0.46 mmol) and 1-ferrocenyl-4,4,4-trifluorobutane-
1,3-dione (2.2 equiv; 327.3 mg; 1.02 mmol) in toluene (10 mL). Yield
5: 71.4% (439.4 mg; 0.33 mmol). Mp > 350 °C. 'H NMR & (300
MHz, CDCL,)/ppm: 9.75—9.27 (m, 8H, 8 X Ar—H%), 8.45—8.06 (m,
8H, 8 X Ar—H”), 4.73—4.63 (s, 2H, 2 X CH), 4.41—3.50 (m, 18H, 2 X
CsHj, 2 X CH,). Anal. Caled for CyHssFFe,HINGO,: C, 53.89; H,
2.71; Fe, 8.35; Hf, 13.35; N, 8.38. Found: C, 53.05; H, 3.59; Fe, 7.64;
Hf, 14.34; N, 8.41.

Bis-(1-ferrocenylbutane-1,3-dione-i?-0,0')hafnium(lV) Phthalo-
cyanine, 6. Complex 6 was prepared from PcHfCl, (324.6 mg;
0.426 mmol) and 1-ferrocenylbutane-1,3-dione (2.2 equiv, 253.1 mg,
0.937 mmol) in toluene (10 mL). Yield 6: 55.8% (292.1 mg, 0.238
mmol). Mp > 350 °C. "H NMR &y (300 MHz, CDCl;)/ppm: 9.76—
9.28 (m, 8H, 8 X Ar—H"), 8.41—8.02 (m, 8H, 8 X Ar—H’), 448—4.41
(s, 2H, 2 X CH), 4.29—-3.42 (m, 18H, 2 X C,H; 2 X CH,), 1.34—
1.24 (s, 6H, 2 X CHj;). Anal. Calcd for CgH,,Fe,HfNO,: C, 58.63;
H, 3.44; Fe, 9.09; Hf, 14.52; N, 9.12. Found: C, 59.74; H, 3.23; Fe,
8.29; Hf, 14.80; N, 7.43.

Bis-(1-ferrocenyl-3-phenyl-1,3-propanedionato-x*>-0,0')hafnium-
(V) Phthalocyanine, 7. Complex 7 was prepared from PcHfCI,
(308.3 mg, 0.40S mmol) and 1-ferrocenyl-3-phenyl-1,3-propanedione
(22 equiv, 295.7 mg, 0.89 mmol) in toluene (10 mL). Yield 7: 53.3%
(291.9 mg, 0.216 mmol). Mp > 350 °C. 'H NMR &y (300 MHg,
CDCL,)/ppm: 9.78—9.03 (m, 8H, 8 X Ar—H?), 8.48—7.92 (m, 8H, 8
x Ar—H’), 7.59—6.87 (m, 10H, 2 X CgH,), 5.20—5.01 (s, 2H, 2 X
CH), 4.31-3.22 (m, 18H, 2 X CHy, 2 X CiH,). Anal. Calcd for
CroH,Fe,HIN,O,: C, 62.12; H, 3.43; Fe, 825; Hf, 13.19; N, 8.28.
Found: C, 61.89; H, 4.00; Fe, 7.86; Hf, 14.95; N, 8.18. Complex 7 was
recrystallized by slow evaporation—diffusion using THF as primary
solvent and n-hexane as secondary solvent, giving deep purple
crystallographic quality crystals.

Bis-(1,3-diferrocenylpropane-1,3-dionato-x*-0,0')hafnium(lV)
Phthalocyanine, 8. Complex 8 was prepared from PcHfCl, (303.5
mg, 0.398 mmol) and 1,3-diferrocenylpropane-1,3-dione (2.2 equiv,
385.4 mg, 0.876 mmol) in toluene (10 mL). Yield 8: 61.4% (383.2 mg,
0.244 mmol). Mp > 350 °C. '"H NMR & (300 MHz, CDCl;)/ppm:
(poor solubility): 9.73—9.40 (m, 8H, 8 X Ar—H"), 8.39—8.16 (m, 8H,
8 x Ar—H%), 5.36 (s, 2H, 2 X CH), 5.10—4.05 (m, 36H, 4 x CH,, 4
X CsH,). Anal. Calcd for C,gHg,Fe,HfN;O,: C, 59.70; H, 3.47; Fe,
14.24; Hf, 11.37; N, 7.14. Found: C, 59.13; H, 3.91; Fe, 15.71; HIf,
13.05; N, 6.51.

Crystal Structure Determination of 7. A deep purple crystal of 7
with approximate dimensions 0.22 X 0.13 X 0.07 mm® was mounted
on a glass fiber and used for single-crystal X-ray diffraction analysis.
Diffraction intensity data were collected on a KUMA KM4-CCD
diffractometer operating in k geometry and equipped with a two-
dimensional CCD detector. Mo Ka radiation (0.71073 A) was used.
Data were collected in w-scan mode with Aw = 1.0° using the
CrysAlis CCD program.*® The CrysAlis RED software version
1.170.32 was used for data processing.”’ Empirical absorption
correction was applied using spherical harmonics, implemented in
the SCALE3 ABSPACK scaling algorithm. The structure was solved by
direct methods and refined by the full-matrix least—squares method
against F> by means of the SHELX-97 program package.*® Anisotropic
displacement parameters were applied for all non-hydrogen atoms.
Hydrogen atoms were introduced at geometrically calculated positions
and refined as riding atoms with Uy (H) = 12U, of the
corresponding parent atom. Any restraints and constrains on
interatomic distances and displacement parameters were introduced
during refinement.

The molecular plot was drawn using the DIAMOND® program
with a 15% thermal envelope probability for non-hydrogen atoms.
Hydrogen atoms were drawn as arbitrary sized spheres with a radius of
0.15 A.

Electrochemical Study. Cyclic voltammetry, square wave
voltammetry, and linear sweep voltammetry were conducted on a
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BAS 100 B/W voltammograph at 20 °C under argon utilizing a three-
electrode configuration. Potentials were referenced experimentally to
an Ag-wire reference electrode. Due to potential drifts during
successive voltammetric measurements, each experiment had to be
conducted in the presence of an internal standard, here decamethyl
ferrocene, to allow manual correction of data on a spread sheet
program. A glassy carbon working electrode and Pt auxiliary electrode
were used.

Analyte concentrations were ca. 0.5 mM in spectrochemical grade
CH,Cl, (Aldrich), and 0.2 M tetrabutylammonium tetrakispenta-
fluorophenylborate, [N("Bu),][B(C4Fs),], was used as solvent/
supporting electrolyte. Decamethylferrocene (Fc*) was used as an
internal standard, but all potential values are reported against ferrocene
(FcH) at 0 mV. Decamethylferrocene has E°' = —604 mV versus free
ferrocene, ipc/iy, = 0.99, and AE = 67 mV under our conditions. Data
were exported to a spread sheet program for manipulation and
diagram preparation.

B ASSOCIATED CONTENT

© Supporting Information

UV—vis spectra of $—10 and 16, cif file of 7, table with bond
lengths and angles, as well as table giving additional
electrochemical data at different scan rates. This material is
available free of charge via the Internet at http://pubs.acs.org.
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