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Programmed asymmetrical trimer formation of b-alkyl N-confused porphyrin zinc(II) complex

Motoki Toganoh, Hiroaki Ogawa, Tatsuki Morimoto and Hiroyuki Furuta*

Department of Chemistry and Biochemistry, Graduate School of Engineering, Kyushu University, Fukuoka, Japan

(Received 5 September 2008; final version received 20 October 2008)

Self-coordination of b-alkyl N-confused porphyrin (NCP) zinc(II) complexes has been studied to reveal that asymmetrical

trimers formed exclusively. A key factor to control the configuration of the trimers (symmetric or asymmetric) has been

studied theoretically, and revealed that the steric environment around the peripheral nitrogen atoms as well as rotational

angles of the confused pyrrole rings play a crucial role in trimer formation of b-alkyl NCP zinc(II) complexes.
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Introduction

Control of molecular assemblies is one of the most

important areas of research for the development of

supramolecular architectures. Especially, study on por-

phyrin assemblies is of great importance to obtain deep

insight into photosynthetic systems (1–4). Among several

strategies for the preparation of porphyrin arrays, self-

assembling approach through metal coordination has

proven to be particularly attractive, because the supramo-

lecular structures can be controlled effectively by donor

ligand moieties such as pyridyl (5–10), pyrazolyl (11, 12),

imidazolyl (13–15) or hydroxyl (16–20) groups.

N-confused porphyrin (NCP) is an isomer of porphyrin,

which has a coordinative nitrogen atom at the periphery

of the macrocycle (Figure 1) (21, 22). Consequently, unlike

regular porphyrins, NCP metal complexes can form self-

assembled oligomers without additional donor ligand

moieties. In most cases, 5,10,15,20-tetraaryl NCP metal

complexes are investigated and formation of self-dimers is

reported in Zn (23–26), Cd (25), Hg (25), Fe (27) and Mn

(28, 29) complexes (Figure 2). Furthermore, the unique

dimeric structures with extra ligands and/or metal centres

are observed in Zn (23), Ag (30), Pd (31), Pt (32, 33), Rh

(34) and Fe (27, 35) complexes. Meanwhile, the study on

b-alkyl substituted NCP metal complexes is quite limited

possibly due to relatively uneasy access to the free-base

ligands. Although the formation of anion-recognising

dimers is studied in detail (36), self-assembly of b-alkyl

NCP through metal coordination has not been reported yet.

In the case of 5,10,15,20-tetraaryl or 5,20-diaryl NCP

metal complexes, the self-coordinated dimers are formed

preferentially to the other oligomeric structures and

the configurations depend on the metal centres (23–29).

The Zn, Cd and Hg complexes give Z-dimers, while the Mn

and Fe complexes are reported to afford E-dimers

(Figure 2). Contrastingly, the Zn(II) complex of unsub-

stituted NCP forms a mixture of S- and A-trimers (Figure 3)

(37, 38). Formation of dimers is not recognised in this case.

Furthermore, selective formation of S-trimer is accom-

plished with 5-phenyl NCP, which would be triggered by

the interaction among the three phenyl groups. Favourable

arrangement of three phenyl groups in the S-trimer is

unambiguously confirmed by X-ray crystallographic

analysis (38).

Herein, we have synthesised the b-alkyl NCP zinc(II)

complexes and their oligomer formation have been studied

to reveal that the configuration of the self-coordinated

trimers can be controlled by the steric environment around

the peripheral coordinative nitrogen atoms. When 3-alkyl

NCP is utilised, exclusive formation of an A-trimer is

observed. Besides, NCP zinc(II) complex trimers are

theoretically studied to obtain an insight into difference

between A- and S-trimers, from which importance of

pyrrole ring rotation is suggested.

Experimental

Materials and methods

Commercially available solvents and reagents were used

without further purification unless otherwise mentioned.

Precursors of NCP (tripyrrane diester and 2,4-diformyl-

pyrrole derivatives) were prepared according to the

reported procedures (39, 40). THF was distilled over

benzophenone ketyl. CH2Cl2 was distilled over CaH2.

Thin-layer chromatography (TLC) was carried out

on aluminium sheets coated with silica gel 60 (Merck

5554). Preparative purifications were performed by flash

column chromatography (KANTO Silica Gel 60 N,
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spherical, neutral, 40–50mm) or gravity column chromato-

graphy (KANTO Silica Gel 60 N, spherical, neutral,

63–210mm). The 1H NMR was recorded on a JNM-AI

SERIES FT-NMR spectrometer (JEOL) at 300 MHz.

Proton chemical shifts were reported relative to residual

proton of deuterated solvent (d 7.26 ppm for CHCl3).

Typical procedures of [3 1 1] condensation reactions

To a solution of tripyrrane diester in THF, 10% Pd/C was

added under N2. After adding a drop of Et3N, N2 gas was

replaced by H2 gas and stirred at ambient temperature for

4 h. The resulting slurry was filtered through a pad of celite

and the filtrate was concentrated under reduced pressure.

The residue was dissolved in 5% NH4OH aqueous solution

and neutralised with acetic acid at 08C. The resulting

mixture was left for 1 h at 08C and the precipitates were

collected by suction and thoroughly washed with water to

give tripyrrane dicarboxylic acid in a quantitative yield.

The tripyrrane was treated with CF3COOH (1ml) for

2min at ambient temperature under N2 and diluted with

CH2Cl2 (100ml). Then 2,4-diformylpyrrole was added

and the resulting solution was stirred for 16 h at ambient

temperature followed by treatment with 0.1% FeCl3
aqueous solution. The organic layer was separated, washed

with aqueous NaHCO3 solution and water, dried over

Na2SO4, filtered and concentrated under reduced pressure.

The residue was purified by silica gel column chromato-

graphy (MeOH/CH2Cl2 ¼ 7/93 (v/v)) to give an NCP

derivative. The product was further purified by recrys-

tallisation from CH2Cl2/MeOH or CH2Cl2/hexane.

8,17-Diethyl-7,18-dimethyl-2-aza-21-carbaporphyrin (1)

15% yield. 1H NMR (CDCl3, 300MHz, ppm): d 26.53

(s, 1H), 24.08 (br s, 1H), 24.00 (br s, 1H), 1.81 (t,

J ¼ 7.3 Hz, 3H), 1.83 (t, J ¼ 7.3 Hz, 1H), 3.52 (s, 3H),

3.58 (s, 3H), 3.95 (q, J ¼ 7.3 Hz, 2H), 4.00 (q, J ¼ 7.3 Hz,

2H), 9.11 (d, J ¼ 4.3 Hz, 1H), 9.14 (d, J ¼ 4.3 Hz, 1H),

9.63 (s, 1H), 9.71 (s, 1H), 9.83 (s, 1H), 10.21 (s, 1H);

MALDI-TOF-MS: m/z ¼ 395.1 ([M þ H]þ); UV/vis

(CH2Cl2, lmax/nm): 682, 550, 513, 417.

8,17-Diethyl-3,7,18-trimethyl-12,13-diphenyl-2-aza-21-
carbaporphyrin (2)

50% yield. 1H NMR (CDCl3, 300MHz, ppm): d 26.27 (s,

1H), 23.80 (br s, 1H), 23.68 (br s, 1H), 1.73 (t, J ¼ 7.6 Hz,

6H), 3.537 (s, 3H), 3.543 (s, 3H), 3.63 (s, 3H), 3.84 (q,

J ¼ 7.6 Hz, 2H), 3.87 (q, J ¼ 7.6 Hz, 2H), 7.59 (t, J ¼ 7.3 Hz,

2H), 7.67 (t, J ¼ 7.3 Hz, 4H), 7.92 (d, J ¼ 7.3 Hz, 4H);

MALDI-TOF-MS: m/z ¼ 561.0 ([M þ H]þ); UV/vis

(CH2Cl2, lmax/nm): 681, 553, 515, 420.

Figure 1. Structure and numbering system of NCP.

Figure 2. Structures of NCP metal complex dimers.

Figure 3. Structures of NCP zinc(II) complex trimers.
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3,8,12,13,17-Pentaethyl-7,18-dimethyl-2-aza-21-
carbaporphyrin (3)

20% yield. 1H NMR (CDCl3, 300MHz, ppm): d26.14 (s,

1H), 23.59 (br s, 2H), 1.77–1.86 (m, 12H), 1.93 (t,

J ¼ 7.3 Hz, 3H), 3.53 (s, 6H), 3.83–4.10 (m, 10H), 9.59 (s,

1H), 9.66 (s, 1H), 9.75 (s, 1H), 10.09 (s, 1H); UV/vis

(CH2Cl2, lmax/nm): 678, 553, 512, 421.

Asymmetric zinc(II) complex trimer of 2 (A-[(2-Zn)3])
1H NMR (CDCl3, 300MHz, ppm): d 25.85 (s, 1H),

25.68 (s, 1H), 25.40 (s, 1H), 21.70 (s, 3H), 20.25 (s,

3H), 20.22 (s, 3H), 1.50–1.65 (m, 18H), 3.036 (s, 3H),

3.048 (s, 3H), 3.054 (s, 3H), 3.15 (s, 3H), 3.29 (s, 3H), 3.37

(s, 3H), 3.58–3.66 (m, 12H), 3.66 (s, 1H), 3.91 (s, 1H),

4.86 (s, 1H), 7.41–7.79 (m, 18H), 7.94–8.04 (m, 12H),

8.60 (s, 1H), 8.78 (s, 1H), 9.16 (s, 1H), 9.21 (s, 1H), 9.31

(s, 1H), 9.32 (s, 1H), 9.37 (s, 1H), 9.46 (s, 1H), 9.76 (s,

1H); UV/vis (CH2Cl2, lmax/nm): 698, 631, 445, 357.

Calculation details

All the calculations were performed with B3LYP methods

using a Gaussian03 program package (41). For structural

optimisation, all electron SVP basis set by Horn and

Ahlrichs (42) was used for Zn and 6-31G** for C, H and N

(denoted as 631A). All the stationary points were verified

by calculating the vibrational frequencies that resulted in

the absence of imaginary eigenvalues.

Results and discussion

b-Alkyl NCPs can be synthesised by the [3þ1]

condensation reactions developed by Lash et al. (40). This

Scheme 1. Synthesis of 5,10,15,20-unsubstituted NCPs by the [3þ1] condensation reactions.

Figure 4. Product ratio of NCP zinc(II) complex trimers.
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time, 3-unsubstituted NCP (1), 3-methyl NCP (2) and 3-

ethyl NCP (3) were synthesised from the corresponding

precursors (Scheme 1). In the early stage of this study, 1-Et,

2-Et and 3, where R0 is ethyl group, were examined. While

1-Et was stable enough for silica gel column separation,

recrystallisation did not work well and isolation in a

crystalline form was so far inefficient. Then an unsubstituted

derivative (1) was utilised in place of 1-Et, which can be

recrystallised more easily. In the case of 2-Et, gradual

decomposition was observed during silica gel column

separation. Consequently, the phenyl derivative (2) was

adopted since it showed considerably better stability than 2-

Et. Although a similar trend was also observed in 3, it was

used for further study without modification.

Preparation of the zinc(II) complexes corresponding to

1–3 was achieved in the reported manner (Figure 4) (23).

The 1H NMR spectrum for the zinc(II) complex of 1 in

CDCl3 is shown in Figure 5. The four singlet signals

assignable to the protons on the 21-positions were

observed in a high-field region around d 25.6 ppm. This

resembles those of unsubstituted NCP zinc(II) complex, in

which a mixture of the A- and Z-trimers was observed (38).

Thus, the three singlet signals at d 25.71, 25.69 and

25.59 ppm, which have the same intensities, are

assignable to those of A-[(1-Zn)3] and the remaining

singlet signal at d25.63 ppm is assignable to that of S-[(1-
Zn)3]. Based on the integrated area ratio of those signals,

the product ratio of A-[(1-Zn)3] to S-[(1-Zn)3] at 258C in

CDCl3 is estimated to be 61:39. Interestingly, in the case of

the zinc(II) complex of 2, only three singlet signals are

observed at d 25.85, 25.68 and 25.40 ppm in an

integrated area ratio of 1:1:1 (Figure 6). This indicates

selective formation of A-[(2-Zn)3]. The other signals are

fully consistent with the asymmetric trimeric structure. For

example, the NCP macrocycles exercise the shielding

effect on the neighbouring 3-Me and 20-H protons and

then the sets of signals corresponding to the 3-Me protons

(d 21.70, 20.25 and 20.22 ppm) and 20-H protons

(d 3.66, 3.91 and 4.86 ppm) are observed in a high-field

region. The signals corresponding to S-[(2-Zn)3] was not

Figure 5. 1H NMR spectrum of a mixture of S-[(1-Zn)3] and
A-[(1-Zn)3] in CDCl3.

Figure 6. 1H NMR spectrum of A-[(2-Zn)3] in CDCl3.
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detected by 1H NMR analysis. Similar result was obtained

for the zinc(II) complex of 3. Again, only three singlet

signals are observed in a high-field region at d 25.71,

25.58 and 25.24 ppm with the same intensities,

suggesting selective formation of A-[(3-Zn)3].
Configuration of NCP zinc(II) complex trimers was

studied by DFT calculations. Because A- and S-trimers

are expected to be under equilibrium (25, 37), regios-

electivity in trimer formation would be governed by

thermodynamic stability of A- and S-trimers. On the

assumption that the substituents around the coordinative

nitrogen atoms would play an important role in

regioselectivity, unsubstituted NCP (4), 3-Me-NCP (5),

3-Et-NCP (6), 5-Me-NCP (7) and 20-Me-NCP (8) were

subjected to calculations (Figure 7). All the structures

were fully optimised at a B3LYP/631A level. The

optimised structures of A-[(5-Zn)3] and S-[(5-Zn)3] are

shown in Figure 8. Relative enthalpies (not corrected) and

Gibbs free energies at 298.15 K under 1.0 atom (corrected

by the zero-point vibration energies) of NCP zinc(II)

complex trimers (that is, energy difference between S-

and A-isomers) are listed in Table 1. In the case of

unsubstituted NCP (4), the S-trimer is slightly more stable

than the A-trimer (entry 1). The small energy difference in

4 is not against the production of a mixture of A- and S-

trimers in 1. When methyl groups are introduced into the

3-positions, relative stability is inverted. The A-trimer is

more stable than the S-trimer in 5 (entry 2), which is

consistent with the preferential production of A-[(2-Zn)3]
mentioned above. The energy difference becomes larger

in the case of 3-Et-NCP (6, entry 3). This is also in good

agreement with the experimental result on 3. Preference

of A-trimer is only observed for the 3-alkyl derivatives.

Almost no energy difference is found in 5-Me-NCP (7,

entry 4) and the S-trimer is more stable than the A-trimer

in 20-Me-NCP (8, entry 5).

Figure 7. Structures of the model compounds for DFT study.
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To obtain further insight into regioselectivity in trimer

formation, difference between S- and A-trimers was

carefully verified. The structural parameters of the

optimised structures are summarised in Table 2. ‘Zn–N

length’ is a distance between the peripheral nitrogen atom

and the neighbouring zinc metal of adjacent NCP.

‘Rotational angle’ is a dihedral angle between the

confused pyrrole plane composing of 5 heavy atoms and

the NCP plane composing of 19 heavy atoms (confused

pyrrole is not included). ‘C–NCP length’ is a distance

from the adjacent NCP plane to the methyl carbon atom

(for 5, 7 and 8) or the methylene carbon atom (for 6).

Generally, no significant differences are observed between

the S- and A-isomers in the averaged structural parameters.

Nevertheless, one of the three rotational angles is

exceptionally small (17.78) only in A-[(5-Zn)3] and

A-[(6-Zn)3], while all the other rotational angles are

around 248. The smaller rotational angles would mean less

skeletal strain in NCP macrocycles and then formation of

A-[(5-Zn)3] and A-[(6-Zn)3] seems more favourable than

the formation of corresponding S-trimers. Note that the

importance of pyrrole rotation is often pointed out in the

metal coordination of NCP (26, 43, 44). In the other

trimers, S-trimers are intrinsically more stable than

A-trimers. While clear explanation is so far difficult, it

can be rationalised by fine difference in the rotational

angles. The S-trimers commonly have the smaller

rotational angles than the A-trimers in 4, 7 and 8, implying

less skeletal strain in the NCP macrocycles.

Conclusion

In conclusion, we have synthesised b-alkyl NCP zinc(II)

complexes and their configurations have been investi-

gated. When 3-Me or 3-Et NCPs are utilised, selective

formation of A-trimers is observed, while S-trimers are

intrinsically more stable than A-trimers in the other

substrates. Theoretical study reveals that the small

difference around the coordinative nitrogen atom of NCP

would give a decisive effect on regioselectivity in oligomer

formation. Further study on controlling porphyrin arrays

as well as their applications are now underway.
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Table 1. Relative enthalpies and Gibbs free energies calculated for the model compounds.

Entry Compound DH (kcal/mol) DG (kcal/mol) Compound DH (kcal/mol) DG (kcal/mol)

1 S-[(4-Zn)3] 0.00 0.00 A-[(4-Zn)3] þ0.80 þ0.59
2 S-[(5-Zn)3] þ1.25 þ0.91 A-[(5-Zn)3] 0.00 0.00
3 S-[(6-Zn)3] þ2.05 þ2.39 A-[(6-Zn)3] 0.00 0.00
4 S-[(7-Zn)3] 0.00 þ0.06 A-[(7-Zn)3] þ0.48 0.00
5 S-[(8-Zn)3] 0.00 0.00 A-[(8-Zn)3] þ2.42 þ1.67

Table 2. Structural parameters for the optimised structures at B3LYP/631A level.

Compound Zn–N length (Å) Av (Å) Rotational angle (8) Av (8) C–NCP length (Å) Av (Å)

S-[(4-Zn)3] 2.087 2.087 2.087 2.087 23.1 23.4 23.8 23.4 – – – –
A-[(4-Zn)3] 2.083 2.092 2.092 2.089 23.7 24.3 24.5 24.2 – – – –
S-[(5-Zn)3] 2.135 2.138 2.140 2.138 23.6 23.6 23.7 23.6 3.246 3.249 3.252 3.249
A-[(5-Zn)3] 2.120 2.125 2.134 2.126 17.7 22.9 25.1 21.9 3.243 3.243 3.247 3.244
S-[(6-Zn)3] 2.153 2.153 2.153 2.153 22.8 22.9 23.0 22.9 3.399 3.404 3.408 3.404
A-[(6-Zn)3] 2.126 2.127 2.149 2.134 17.7 23.5 25.4 22.2 3.327 3.394 3.368 3.363
S-[(7-Zn)3] 2.086 2.087 2.087 2.087 25.0 25.0 25.1 25.0 5.197 5.202 5.206 5.202
A-[(7-Zn)3] 2.082 2.092 2.093 2.089 24.9 25.4 26.8 25.7 5.071 5.187 5.336 5.198
S-[(8-Zn)3] 2.144 2.145 2.145 2.145 24.3 24.6 24.6 24.5 3.267 3.270 3.280 3.272
A-[(8-Zn)3] 2.149 2.164 2.164 2.159 25.0 25.6 25.9 25.5 3.262 3.279 3.306 3.282

Figure 8. Optimised structures of (a) A-[(5-Zn)3] and (b) S-[(5-
Zn)3].
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