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Abstract:A Castro–Stephens coupling reaction between metal-free 3(2),8(7)-dibromo- 2(3),7(8),12(13),17(18)-tetra-tert-

butyl-5,10,15,20-tetraazaporphyrin and (ferrocenylethynyl)copper resulted in the formation of copper 2(3),7(8),12(13),

17(18)-tetra-tert-butyl-3(2),8(7)-di(ferrocenylethynyl)-5,10,15,20-tetraazaporphyrin and copper 2(3),7(8),12(13),17(18)-

tetra-tert-butyl-3(2)-ferrocenylethynyl-5,10,15,20-tetraazaporphyrin, which were separated in the form of 2 positional

isomers along with copper 3(2)-bromo-2(3),7(8),12(13),17(18)-tetra-tert-butyl-5,10,15,20-tetraazaporphyrin and copper

2(3),7(8),12(13),17(18)-tetra-tert-butyl-5,10,15,20-tetraazaporphyrin. A similar reaction with metal-free 3(2),8(7),13(12),

18(17)-tetrabromo-2(3),7(8),12(13),17(18)-tetra-tert-butyl-5,10,15,20-tetraazaporphyrin resulted in only a trace amount

of 3(2),8(7),13(12)-tribromo-2(3),7(8),12(13),17(18)-tetra-tert-butyl-18(17)-ferrocenylethynyl-5,10,15,20-tetraazaporphy-

rin, while no products with larger number of organometallic substituents were observed. Direct coupling between fer-

rocenelithium and 3(2),8(7)-dibromo-2(3),7(8),12(13),17(18)-tetra-tert-butyl-5,10,15,20-tetraazaporphyrin resulted in a

debromination reaction accompanied by very minor dimerization of the tetraazaporphyrin core, which was explained

based on the steric properties of the parent tetraazaporphyrin. The target compounds were characterized using APCI

mass spectrometry, UV-vis, and MCD spectroscopy, while the electronic structure of ferrocenylethyl-containing products

was predicted by DFT approach. X-ray structures of individual positional isomers of copper 2-bromo-3,7,12,18-tetra-tert-

butyl-5,10,15,20-tetraazaporphyrin and 3, 7, 12,18-tetrabromo-2,8,13,17-tetra-tert-butyl-5,10,15,20-tetraazaporphyrin

were also discussed.

Key words: Ferrocene, tetraazaporphyrin, coupling reaction, magnetic circular dichroism, UV-vis spectra, density

functional theory

1. Introduction

Phthalocyanines and their analogues1−4 are well-established platforms for modern high-tech applications, which

include but are not limited to photodynamic therapy of cancer,5,6 catalysis,7−9 optical recording,10 light-

harvesting,11 molecular electronics,12 and sensors.13 Ferrocene is a well-known electron-donating substituent

that can be used in numerous prospective donor–acceptor dyads for light-harvesting and molecular switches.14

In addition, such systems were suggested as potentially useful components for redox-driven fluorescence, molec-

ular electronics, ion-recognition, and optical limiting devices.15 Ferrocene-containing aromatic macrocycles

and their analogues with direct, alkenyl, or alkynyl ferrocene-to-π -system conjugation motifs were suggested

∗Correspondence: vnemykin@d.umn.edu
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as prospective platforms for several applications because of their rich redox chemistry and redox-switchable

spectroscopic versatility.16−18 Electron-transfer processes in numerous ferrocene-containing porphyrins with

such conjugated bridges have been intensively investigated over the last decade.19−35 Reports on conjugated

porphyrin analogues such as phthalocyanines,36,37 corroles,38,39 and (aza)BODIPYs,40−44 however, are quite

rare. Finally, there are only 2 brief reports, published by us, on ferrocene-containing tetraazaporphyrins with

conjugated into π -system ferrocene substituents.45,46 Both known tetraazaporphyrins with direct ferrocene–

macrocycle bonds were prepared from dicyanoferroceneethylene47 and tricyanovinylferrocene48 precursors and

have mild solubility in low-polarity solvents, which is critical for an accurate evaluation of their electron-transfer

properties. It is well known that introduction of tert-butyl groups into phthalocyanines and tetraazaporphyrins

results in dramatic increases in their solubility in nonpolar solvents and significant decreases in aggregation

ability.1−3 Functionalization of tetra-tert-butyltetraazaporphyrins with ferrocene groups, however, has never

been targeted. Thus, in this paper, we report the first attempts on such functionalization with ferrocene lithium

and (ferrocenylethynyl)copper as ferrocene group precursors (Schemes 1–3).

2. Results and discussion

2.1. Synthesis and characterization of ferrocene-containing tetraazaporphyrins

Because we were interested in evaluation of the long-range electronic coupling between multiple ferrocene sub-

stituents in tetraazaporphyrins, 3(2),7(8)-dibromo-2(3),7(8),12(13),17(18)-tetra-tert-butyl-5,10,15,20-tetraaza-

porphyrin (1) and 3(2),8(7),13(12),18(17)-tetrabromo-2(3),7(8),12(13),17(18)-tetra-tert-butyl-5,10,15,20-tetra-

azaporphyrin (2) were used in coupling reactions (Schemes 1–3). Both precursors were prepared using a pre-

viously reported bromination reaction.49 In the case of the reaction between dibromotetraazaporphyrin 1 and

excess of ferrocene lithium (with or without presence of palladium salt), 2 groups of products were detected

by mass spectrometry after filtering of the reaction mixture over a small portion of silica gel. The first group

of products (first fraction from short column separation, 3 individual compounds, Figure 1) consists of trace

amounts of the tetraazaporphyrin dimers 3–5 (Scheme 1), which could be viewed as a Wurtz–Fittig-type re-

action products.50 The second type of this coupling reaction product (second and third fractions from short

column separation, 2 products each fraction) comprises monobromotetraazaporphyrin 6, standard tetra-tert-

butyltetraazaporphyrin 7, and starting dibromo- compound 1. The presence of compounds 6 and 7 clearly

suggests the stepwise elimination of bromine atoms from the starting material 1. All our attempts to identify

the ferrocene-containing tetraazaporphyrins in the reaction mixture were unsuccessful. In order to explain the

low reactivity of the ferrocenyllithium in the coupling reaction with dibromo compound 1, we conducted DFT

calculations and found that bulky tert-butyl groups in 1 create large steric strain for the coupling reaction for

formation of a direct ferrocene–tetraazaporphyrin bond.

In order to reduce steric interactions between the tert-butyl groups in tetraazaporphyrin and ferrocene

substituents, we tested the Castro–Stephens coupling reaction51 between dibromo tetraazaporphyrin 1 and

(ferrocenylethynyl)copper as ferrocene group precursor (Scheme 2). After elimination of the insoluble and polar

impurities by filtration over a small amount of silica gel with chloroform, a blue-violet fraction, which contains

all tetraazaporphyrins, was purified using size exclusion chromatography followed by preparative thin-layer

chromatography applied to each fraction obtained from the size exclusion column. Copper tetraazaporphyrins

8–11 were separated by the size exclusion method (Scheme 2). Positional isomers of complexes 8–10 were

further separated using TLC approach (see Experimental section for details). Since a large excess of (ferro-
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Figure 1. APCI MS spectrum of tetraazaporphyrin dimers 3–5.

cenylethynyl)copper was used in the reaction, it is not surprising that all reaction products undergo metal

insertion into the macrocyclic core. Similar to the reaction presented in Scheme 1, the formation of mono-

bromo complex 10 and copper tetra-tert-butyltetraazaporphyrin 11 is indicative of the bromine elimination

process during the coupling reaction. The presence of di- and monoferrocene-containing complexes 8 and 9

is clearly suggestive of the possibility of ferrocene group insertion into a highly sterically crowded tetra-tert-

butyltetraazaporphyrin core. Although the overall yield of all positional isomers of mono-ferrocenyl-containing

complex 9 is reasonable (22.4%), the reaction yield of the target diferrocenyl complex 8 (1.4% for all positional

isomers) is rather disappointing. All our attempts to increase the yield of the diferrocenyl complex 8 under

Castro–Stephens coupling reaction conditions were unsuccessful.
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Scheme 1. Products identified by APCI MS approach for the reaction between tetraazaporphyrin 1 and ferrocenyl

lithium.

Separated by the size exclusion chromatography diferrocenyl complex 8 can be further separated into 2

positional isomers by the TLC approach. These 2 positional isomers (8a and 8b) have very close Rf values

and the same molecular ion and isotope pattern, as well as indistinguishable UV-vis and MCD spectra. In

theory, diferrocenyl complex 8 can be a mixture of cis- or trans-positional isomers (Figure 2). Since UV-vis and

MCD spectra of complexes 8a and 8b are indistinguishable, they should belong either to cis- or trans-isomers

but not both. In order to clarify the nature of 8a and 8b we investigated collision induced dissociation of the

molecular ion in an APCI probe (Figures 3 and 4). As can be clearly seen, only ferrocene, methyl, and tert-butyl

groups can be fragmented from the parent ion, while the tetraazaporphyrin core remains intact. Because the

macrocyclic core is unchanged up to 90% of the collision energy, it is impossible to assign complexes 8a and

8b to cis- or trans-form. In the case of mono-ferrocenyl-containing complex 9 the TLC method allowed the

separation of 3 positional isomers, 9a–9c, which again have indistinguishable UV-vis and MCD spectra as well

as the same molecular ion peak (Figure 5). In this case, positional isomers are defined by the relative positions

of the tert-butyl groups in the macrocyclic core (Figure 6).
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Scheme 2. Products identified by APCI MS approach for the reaction between tetraazaporphyrin 1 and (ferro-

cenylethynyl)copper.

Scheme 3. Products identified by APCI MS approach for the reaction between tetraazaporphyrin 2 and (ferro-

cenylethynyl)copper.

In order to avoid the cis- and trans-positional isomers dilemma in complex 8, we also tested the

Castro–Stephens coupling reaction51 between tetrabromo tetraazaporphyrin 2 and (ferrocenylethynyl)copper

as ferrocene group precursor (Scheme 3). APCI analysis of the reaction mixture revealed the presence of the

copper tetrabromo tetraazaporphyrin 12 and copper mono-ferrocenyl-containing tribromo tetraazaporphyrin

13. The latter complex was only separated in trace amounts and was not further characterized. The low

reactivity of compound 2 in the coupling reaction can be explained on the basis of the electron-withdrawing

character of bromine atoms.
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Figure 2. Ferrocenylethyl-based possible positional isomers of complex 8.

2.2. Optical properties and electronic structures of ferrocene-containing tetraazaporphyrins

UV-vis and MCD spectra of mono- and diferrocenyl-containing complexes 9a and 8a are shown in Figures 7 and

8. In general, UV-vis spectra of these compounds are dominated by absorption in Q- (∼600 nm) and B-band

(∼350 nm) regions. Upon stepwise addition of the ferrocenylethynyl substituents to the tetraazaporphyrin

core, the Q-band undergoes a low-energy shift and becomes significantly broader compared to the Q-band in

the parent halogenated tetraazaporphyrins (Figure 9). Indeed, the Q-band in the mono-ferrocenyl derivative

shifted to 593 nm and the Q-band in the bis-ferrocene complex was observed at 602 nm (Figures 7 and 8).

Similarly, MCD spectra of 9a and 8a are dominated by the MCD Faraday pseudo A -terms in Q- and B-regions

centered at 592 and 340 nm in mono-ferrocenyl complex 9 and 599 and 344 nm in bis-ferrocenyl complex 8,

respectively. Q-band profiles in complexes 8 and 9 as observed in their UV-vis and MCD spectra are clearly

indicative of the presence of multiple overlapping bands in this spectral region.

In order to explain the significant broadening of the Q-band region in ferrocenyl-containing complexes 8

and 9, we conducted DFT calculations on the closed shell zinc analogues of 8 and 9 (8Zn and 9Zn). We used

closed shell zinc ion in calculations in order to clarify the electronic structure features, accelerate calculations,

and to accommodate the minor influence of the copper ion on the UV-vis and MCD spectra of complexes 8 and

9. In the case of bis-ferrocenyl-containing complex 8, both cis- and trans-geometries were considered (these
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Figure 3. APCI MS spectrum of complex 8.

are labeled as cis8Zn and trans8Zn, respectively). Because of the minor influence of the tert-butyl groups on

the electronic structure of the target compounds, they were omitted from calculations. The molecular orbital

energy diagram, molecular orbital compositions, and representative shapes of important molecular orbitals

predicted using the TPSSh exchange-correlation functional (10% of Hartree–Fock exchange) and LANL2DZ

basis set are shown in Figures 10–14. The electronic structures of ferrocene-containing tetraazaporphyrins have

many similarities with earlier reported electronic structures of the ferrocene-containing porphyrins.23−26 In

particular, predominantly ferrocene-centered MOs have higher energies compared to the tetraazaporphyrin-

centered occupied π -orbitals. In all cases, the HOMO is an almost pure ferrocene-centered orbital with
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Figure 4. APCI MS/MS spectra of complex 8 at 15% (A), 30% (B), 45% (C), and 60% (D) CID energies.

significant contribution from the –C≡C– fragment. In the case of mono-derivative 9Zn, Gouterman’s ”a1u”-

type tetraazaporphyrin orbital is delocalized over HOMO-2 to HOMO-4 MOs and heavily mixed with ferrocene-

centered electron densities. In the case of bis-derivatives cis8Zn and trans8Zn, Gouterman’s ”a1u”-type

tetraazaporphyrin orbital contributes significantly to HOMO-4 and HOMO-8 (cis8Zn) and HOMO-4 and

HOMO-7 (trans8Zn). Gouterman’s ”a2u”-type (with most electron density located at the meso- and pyrrolic

nitrogen atoms) tetraazaporphyrin-centered π -orbital has lower energy than the ”a1u”-type π -orbital. The

LUMO and LUMO+1 are predominantly tetraazaporphyrin-centered π* orbitals that resemble Gouterman’s52
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Figure 5. APCI MS spectrum of complex 9.

classic eg symmetry MO pair; these orbitals are well separated by energy from the LUMO+2. Similar to

ferrocene-containing porphyrins, the electronic structure of 8Zn and 9Zn complexes predicts the possibility of

a large number of predominantly metal-to-ligand charge transfer (MLCT) bands in the Q-band region, which

could be heavily mixed into the tetraazaporphyrin-centered π−π* transitions. This can explain the broadening

of the Q-band region observed in the UV-vis and MCD spectra of 8 and 9.
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Figure 6. Positional isomers of complex 9.

Figure 7. UV-vis (top) and MCD (bottom) spectra of

complex 9 in DCM.

Figure 8. UV-vis (top) and MCD (bottom) spectra of

complex 8 in DCM.

2.3. X-ray structures of 10 and 12

During TLC purification of the reaction mixtures originated from the Castro–Stephens coupling reaction51 be-

tween di- and tetrabromo tetraazaporphyrins 1 and 2 and (ferrocenylethynyl)copper, we were able to crystallize

individual isomers of copper mono- and tetrabromo tetraazaporphyrins 10 and 12 (Figure 15; Table). In the

absence of ferrocene-substituents, these compounds have classic tetraazaporphyrin spectra with narrow Q- and
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B-band regions, which consist of π − π* transitions (Figure 9). Crystal structures of 10 and 12 confirmed

the formation of the proposed isomers and represent the first ever reported structures of a tetra-tert-butyl

tetraazaporphyrin core. A common feature of structures 10 and 12 is the formation of dimers due to π · · · π
stacking. Because of such interactions the tetraazaporphyrin core is lightly bent towards the 2 dimer molecules.

The distance between the 2 aromatic planes is 3.255(12) Å and such dimers are packed in crystal by C-H · · ·π
and Br · · ·π interactions perpendicular to each other. Copper centers are in square-planar geometry: Cu-N

distances are 1.887(19)-1.959(18) Å and 1.914(10)-1.949(11) Å for 10 and 12, respectively. All N–Cu–N angles

are close to the normal 90◦ and 180◦ .

Figure 9. UV-vis spectra of complexes 10 (top) and 12 (bottom) in DCM.
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Figure 10. Energy diagram for complexes trans8Zn, cis8Zn, and 9Zn calculated at DFT TPSSh/LANL2DZ level.

3. Conclusions

Two new mono- and bis-ferrocenylethynyl-containing copper tetraazaporphyrins were prepared under Castro–

Stephens coupling reaction conditions starting from the metal-free 3(2),8(7)-dibromo- 2(3),7(8),12(13),17(18)-

tetra-tert-butyl-5,10,15,20-tetraazaporphyrin and (ferrocenylethynyl)copper. Target complexes were purified as

individual positional isomers, which were characterized by UV-vis, MCD, and APCI MS methods as well as DFT

calculations. A similar reaction with metal-free 3(2),8(7),13(12),18(17)-tetrabromo-2(3),7(8),12(13),17(18)-
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Figure 11. DFT orbitals composition for complexes trans8Zn, cis8Zn, and 9Zn calculated at DFT TPSSh/LANL2DZ

level.

Figure 12. Plots of DFT orbitals for complex 9Zn calculated at DFT TPSSh/LANL2DZ level.
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Figure 13. Plots of DFT orbitals for complex trans8Zn calculated at DFT TPSSh/LANL2DZ level.

177 HOMO -5 178 HOMO -4 179 HOMO -3

180 HOMO -2 181 HOMO -1

184 LUMO +1 185 LUMO +2

182 HOMO

183 LUMO

Figure 14. Plots of DFT orbitals for complex cis8Zn calculated at DFT TPSSh/LANL2DZ level.
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Figure 15. ORTEP diagram for the complex 10 (left) and complex 12 (right). Thermal ellipsoids are at 50% probability.

Figure 16. Packing diagram for the dimers of complex 10 (left) and complex 12 (right). Thermal ellipsoids are at 50%

probability.

tetra-tert-butyl-5,10,15,20-tetraazaporphyrin resulted in the formation of only mono-ferrocenyl-containing com-

plex. Direct coupling between ferrocene lithium and 3(2),8(7)-dibromo-2(3),7(8),12(13),17(18)-tetra-tert-butyl-

5,10,15,20-tetraazaporphyrin resulted in a debromination reaction accompanied by minor tetraazaporphyrin

dimerization, which was explained based on the steric properties of the parent tetraazaporphyrin. X-ray struc-

tures of individual positional isomers of copper 2-bromo-3,7,12,18-tetra-tert-butyl-5,10,15,20-tetraazaporphyrin

and 3,7, 12,18-tetrabromo-2,8,13,17-tetra-tert-butyl-5,10,15,20-tetraazaporphyrin were also reported.

4. Experimental section

4.1. Materials

All reactions were performed under dry argon atmosphere with flame-dried glassware. All solvents and reagents

were purchased from commercial sources and used without additional purification. Silica gel (60 Å, 63–100 µm)

needed for column chromatography and TLC plates were purchased from Dynamic Adsorbents. SX-1 carrier for

size-exclusion chromatography was purchased from Bio-Rad. 3(2),8(7)-Dibromo-2(3),7(8),12(13),17(18)-tetra-

tert-butyl-5,10,15,20-tetraazaporphyrin (1) and 3(2),8(7),13(12),18(17)-tetrabromo-2(3),7(8),12(13),17(18)-tetra-

tert-butyl-5,10,15,20-tetraazaporphyrin (2) were prepared using reported procedures.49 (Ferrocenylethynyl)copper

was prepared as described previously.53
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Table. Crystal data collection and refinement for 10 and 12.

12 10
Empirical formula C32H36Br4CuN8 C32H39BrCuN8

Formula weight 915.87 679.16
Crystal system Trigonal Trigonal
Space group, Z R-3: H, 18 R-3: H, 18

a (Å) 33.526(2) 33.755(8)

b (Å) 33.526(2) 33.755(8)

c (Å) 15.914(2) 14.812(7)
α (◦) 90 90
β (◦) 90 90
γ (◦) 120 120

Volume (Å3) 15,491(3) 14,616(10)
ρcalc(g/cm

3) 1.767 1.389
µ(Mo–Kα)(mm−1) 5.313 1.937
θmax(

◦) 25.053 22.494
GoF(F2) 1.064 0.925
Ra

1 (F2 > 2σ(F2)) 0.0968 0.1103
wRb

2 (all data) 0.2813 0.4069

∆ρmax/∆ρmin (e/Å3) 3.116 / -1.262 1.044 / -0.483
aR1 (F) =

∑
||Fo| – |Fc||/

∑
|Fo| . bwR2 (F

2) = {
∑

[w (F2
o – F2

c)
2 ]/

∑
w (F2

o)
2 ]}1/2 .

4.2. Computational aspects

All computations were performed using Gaussian 09 software running under Windows or UNIX OS.54 Molecular

orbital contributions were compiled from single point calculations using the QMForge program.55 In all single-

point calculations and geometry optimizations, a hybrid TPSSh (10% of Hartree–Fock exchange)56 exchange

correlation functional was used. The effective core potential LANL2DZ basis set57 was used for all calculations.

4.3. X-ray crystallography

X-ray diffraction data were collected on an APEX-II CCD diffractometer using graphite-monochromated Mo-Kα

radiation (λ = 0.71073 Å) at 123 K. Multiscan absorption corrections were applied to the data using the SAINT

program.58 The structures were solved by direct methods implemented in SHELXS-201359 and refined by full-

matrix least squares based on F2 using SHELXL-2013 and SHELXLE software. All nonhydrogen atoms were

refined anisotropically, while hydrogen atoms were refined using ”riding mode” with displacement parameters

bonded to a parent atom: U iso (H) = 1.5Ueq (C) (Ueq = 1/3(U11 + U22 + U33)).

The tetraazaporphyrin molecule in the structure of complex 10 was found to be disordered. However,

the disordered tetraazaporphyrin atoms from the components coincide and thus only the bromine atom was

affected by the disorder. The occupancies were bonded to each other (total occupation is 1.0) and refined.

Final occupation factors are 0.85 and 0.15. Some C–C bonds in –C(CH3)3 groups for both structures tend to

be shorter. These bonds were restrained to the standard value 1.54(2) Å. Additionally, DELU/SIMU restrains

were used for –C(CH3)3 groups.
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4.4. Instrumentation

All UV-Vis data were obtained on a JASCO-720 spectrophotometer at room temperature. An OLIS DCM 17

CD spectropolarimeter with 1.4 T DeSa magnet was used to obtain all MCD data. APCI MS and MS/MS data

were collected on an Agilent 1000 instrument using toluene/THF as a solvent.

4.5. Syntheses

4.5.1. Reaction between 3(2),8(7) -dibromo-2(3),7(8),12(13),17(18)-tetra-tert-butyl-5,10,15,20-tet-

raazaporphyrin (1) and (ferrocenylethynyl)copper

First 50 mg of 3(2),8(7)-dibromo-2(3),7(8),12(13),17(18)-tetra-tert-butyl-5,10,15,20-tetraazaporphyrin

(0.07 mmol) and 80 mg of (ferrocenylethynyl)copper (0.28 mmol) were refluxed for 5 h in 10 mL of dry pyridine

under argon atmosphere. The reaction mixture was then diluted with 30 mL of water, and dark precipitate was

filtered, washed several times with water, and dried. The precipitate was dissolved in chloroform and filtered

through a short silica gel plug to eliminate polar impurities. The collected blue fraction was further purified

using a size exclusion SX-1 column with chloroform as eluent. Four colored fractions were collected, which were

identified by mass spectrometry as complexes 8–11. Each of these fractions was further purified using the TLC

plates. Bisferrocenyl-containing complex 8 was separated into 2 individual positional isomers (8a, Rf = 0.24

and 8b, Rf = 0.22, overall yield: ∼1 mg, 1.4%) using hexane:toluene (2:3 v/v) as eluent. Monoferrocenyl-

containing complex 9 was separated into 3 individual positional isomers (9a, Rf = 0.44, 7 mg, 12.1%; 9b, Rf

= 0.15, 2 mg, 3.4%; and 9c, Rf = 0.09, 4 mg, 6.9%) using hexane:toluene (2:3 v/v) as eluent. Monobromo

complex 10 was separated into 2 individual positional isomers (10a, Rf = 0.65, 15 mg, 26.6% and 10b, Rf =

0.20, 7 mg, 14.3%) using hexane:toluene (2:3 v/v) as eluent. Suitable for X-ray crystallography, single crystals

of 10a were grown from its saturated solution in toluene:hexane (1:1 v/v). Copper tetrazaporphyrin 11 was

purified using the TLC approach as a single fraction (12 mg, 27.9% yield).

4.5.2. Reaction between 3(2),8(7),13(12),18(17)-tetrabromo-2(3),7(8),12(13),17(18)-tetra-tert

-butyl-5,10,15,20-tetraazaporphyrin (1) and (ferrocenylethynyl)copper

First, 43 mg of 3(2),8(7),13(12),18(17)-tetrabromo-2(3),7(8),12(13),17(18)-tetra-tert-butyl-5,10,15,20-tetraaza-

porphyrin (0.05 mmol) and 160 mg of (ferrocenylethynyl)copper (0.56 mmol) were refluxed for 5 h in 10 mL

of dry pyridine under argon atmosphere. The reaction mixture was then diluted with 30 mL of water, and

dark precipitate was filtered, washed several times with water, and dried. The precipitate was dissolved in

chloroform and filtered through a short silica gel plug to eliminate polar impurities. The reaction mixture was

analyzed using APCI mass spectrometry and revealed 2 major products: copper tetrabromo derivative 12 and

monoferrocenyl-containing tribromo complex 13. These were separated using a size exclusion SX-1 column with

chloroform as eluent. Complex 12 was isolated in 35 mg (76%) yield. Suitable for X-ray crystallography, single

crystals of this complex were grown from toluene solution. Monoferrocenyl-containing tribromo complex 13

was isolated only in trace quantities and was not characterized in detail.

4.5.3. Reaction between 3(2),8(7)-dibromo-2(3),7(8),12(13),17(18)-tetra-tert-butyl-5,10,15,20-tet-

raazaporphyrin (1) and ferrocenyl lithium

First 50 mg of 3(2),8(7)-dibromo-2(3),7(8),12(13),17(18)-tetra-tert-butyl-5,10,15,20-tetraazaporphyrin

(0.07 mmol) and 54 mg of ferrocenyl lithium (0.28 mmol)60 were refluxed for 5 h in 10 mL of dry THF under
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argon atmosphere. The solvent was evaporated to dryness, and the dark blue precipitate was filtered, washed

several times with water, and dried. The residue was dissolved in chloroform and filtered through a short silica

gel plug to eliminate polar impurities. The reaction mixture was analyzed using APCI mass spectrometry and

revealed only bromine elimination products along with a small amount of dimeric tetraazaporphyrins. Column

chromatography on the reaction mixture (toluene:hexane 1:1 v/v) resulted in 3 blue fractions. The first fraction

consists of dimer 3 along with its dibromo- monobromo- derivatives 5 and 4 (trace amounts, Scheme 1). The

second and third fractions contain starting material along with monobromo derivative 6 and regular tetraaza-

porphyrin 7. Since these compounds have no ferrocene substituents, no further attempt for their separation

was made.
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