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Abstracts. Dynamic NMR study of a series of meso-[Co(TRP)(L),]Cl, where R is an alkyl group
and L is a substituted imidazole, has been carried out. While the complexes with unhindered imidazole
show no splitting of the signals, those with bulky imidazoles exhibit change in line shape, indicating
the hindered imidazole rotation. The activation free energy increases as R and/or L.become bulkier.
Based on the red-shifted Soret and Q bands in the UV-Visible and the downfield shifted imidazole
protons in the 1H NMR spectra of these complexes as compared with the meso unsubstituted com-
plexes, it is concluded that the deformation of the porphyrin ring slows down the rate of rotation of the
coordinated ligand. © 1997 Elsevier Science Ltd.

INTRODUCTION

The orientation effect of the axially coordinated imidazole ligands on the heme properties have been the
subject of increasing study in connection with the biological system where the coordinated ligand is tightly fixed
in the cavity of heme protein.!-5 Some years ago, we have reported the first example of the hindered rotation
of axially coordinated 2-methylimidazole(2-Melm) in meso-tetramesitylporphyrinatoiron(IIi), [Fe(TMP)(2-Me-
Im),]C16 This complex showed a pyrrole signal at a very high field, 6 -10.8 ppm at 25 °C, which split into
four signals at 8 -14.7, -19.0, -21.0, and -23.3 ppm, at -56°C. The result was interpreted in terms of the
fixation of the coordinated 2-Melm ligand on the NMR time scale due to the hindered rotation about iron-
nitrogen bonds. The activation free energy for the ligand rotation was 50 kJ mol-! at -22 °C. The frozen
conformation in solution was determined to be the one where the coordinated imidazole ligands are placed along
the diagonal Cppeqq-Fe-Cppeso aXes, perpendicularly to each other.7® The structure was further supported by the
X-ray crystallographic analysis of the analogous [Fe(TMP)(1,2-Me;Im),]Cl104.% The porphyrin ring of this
complex showed a highly S4-ruffied structure where the average deviation of the four meso carbons from the
mean porphyrin plane reached as much as 0.72 A. This indicates that the complex has two cavities developed
along the diagonal Cyeso-Fe-Cpego axes and that the coordinated imidazole ligands are placed in the cavities
perpendicularly to each other. Thus, the solid structure is maintained even in solution.

Recently, we have reported another iron porphyrin system in which rotation of the coordinated 2-Melm is
hindered on the NMR time scale. 10 They are a series of bis(2-methylimidazole)(meso-tetraalkylporphyrinatc-
iron(II1)) complexes [Fe(TRP)(2-Melm);]CI (R = Me, Et, and iPr). While the unsubstituted complex [Fe-
(THP)(2-Melm),]Cl showed no signal splitting even at -72 °C, the pyrrole and the meso a-proton signals of
the methyl complex [Fe(TMeP)(2-Melm),]Cl started to split below -51 °C and showed four signals (8 -6.3,
-11.3, -14.4, and -15.5 ppm) for the pyrrole and two signals (3 39.0 and 49.6 ppm) for the meso methyl

12487



12488 T. SAITOH et al.

protons at -71 °C. The splitting patterns of the pyrrole and meso-methyl signals clearly indicate that the stable
conformation is the same as that in [Fe(TMP)(2-Melm),]Cl. The activation free energy for ligand rotation was
determined to be 40 kJ mol-! at -51 °C. The signal spitting of the methyl complex was quite unexpected since
the porphyrin ring in the corresponding nickel(II) tetramethylporphyrin [Ni(TMeP)] is reported to be planar or
nearly planar.!1-13 In the isopropyl complex, where the porphyrin ring is supposed to be highly deformed, 14
splitting of the meso a-protons was observed at much higher temperature, +17 °C. Thus, the activation free
energy was estimated as 56 kJ mol -! at this temperature. These results suggest that the nonplanarity of the
porphyrin ring greatly affects the rate of rotation of the coordinated imidazole ligand.

One of the problems in studying the hindered rotation of the axial ligands in iron(III) porphyrin system is
the concomitant occurrence of the ligand dissociation. In fact, we have already pointed out that the dynamic
process of the axial ligand in [Fe(TMP)(Z-iPrIm)z]Cl includes both ligand rotation and ligand dissociation
processes.> Thus, the activation free energy for ligand rotation in this complex is expected to be larger than the
experimentally obtained value, 57 kJ mol-! at 14 °C. In contrast to the imidazole-iron(IIT) bond, the imidazole-
cobalt(IIl) bond is known to be much sironger; the rate constant for ligand dissociation in [Fe(TMP)(2-
Melm),]Cl is larger than that of the corresponding cobalt(IlI) complex [Co(TMP)(2-Melm),]Cl by the factor of
ca.10%.15 Thus, the cobalt(II1)-porphyrin complexes would be much
more suitable than the corresponding iron(I11)-porphyrin complexes to
determine the activation free energies for the pure rotational process.

L
As an extension of the study on the metalloporphyrins with non- R 1 R N
in i 10,15-17 i i 4 p
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imidazole rotation in [bis(imidazole)(meso-tetraalkylporphyrinato- —_ —_
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cobalt(IIT)]chloride [Co(TRP)(L),]Cl change depending on the non-

planarity of the porphyrin ring. These complexes are quite suitable to L
understand the relationship between the barriers to ligand rotation and

the porphyrin nonplanarity because we can control the nonplanarity of [Co(TRPY(L),ICI
the porphyrin ring by introducing the alkyl substituents with various R = H, Me, Et, 'Pr

bulkiness at the meso positions. The complex with unhindered
imidazole [Co(TiPrP)(HIm),]Cl and the meso unsubstituted complex
with hindered imidazole [Co(THP)(Z-iPrIm)z]Cl are also examined for
comparison.

L = 1-Melm, 2-Melm
2-Etim, 2-'Prlm

RESULTS

UV-Visible Spectra: In Table 1 are given the Soret and Q bands of a series of [Co(TRP)(L),]Cl taken in
CH2C|2 at25°C.

14 NMR Chemical Shifts at 25 °C: In Table 2 are given the !H NMR chemical shifts of a series of
[Co(TRP)(L),]C! taken in CDyCly or CDCl3 at 25 °C. While the pyrrole protons in the methyl and ethyl
complexes as well as the unsubstituted complexes gave a singlet at this temperature, those in the isopropyl
complexes [Co(TiPrP)(L)z]Cl with the bulky imidazole ligands generally showed multiplet. The same is true
for the meso a- and B-protons; the meso a-protons of the isopropyl complexes showed complicated multiplet
centered at ca. 4.5 ppm and the meso B-protons exhibited clearly separated signals at ca. 2.0 ppm. As a typical
example, the 'H NMR spectrum of [Co(TiPrP)(?.-EtIm)z]Cl is given in Figure 1. This complex showed
exceptionally well-resolved pyrrole signals, two singlets and an AB quartet, as shown in the inset(a) of
Figure 1.

Temperature Dependent NMR Spectra: When the temperature was lowered, every meso tetraalkyl-
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porphyrin complex with bulky imidazole ligands showed splitting of the signals. In the inset(b) of Figure 1 is
given the temperature dependent isopropyl methine signals of [Co(TiPrP)(Z—EtIm)z]CI under the irradiation of
the isopropy! methyl signals at 1.9 ppm. The methine signals, which gave two singlets at 0 °C, clearly
showed the coalescence and became a single line at higher temperature. In the case of the less bulky imidazole,
no splitting of the signal was observed even at -72 °C as was revealed from the temperature dependent NMR
spectra of [Co(TiPrP)(HIm),]Cl. Similarly, no splitting was observed in the unsubstituted complex even if the
axial ligand is bulky 24Prim.

Activation Free Energies for Ligand Rotation: The activation free energies for ligand rotation, deter-
mined from the coalescence phenomena of the meso a- and/or B-proton signals, are given in Table 3 together
with those of the corresponding tetraarylporphyrin system. In {Co(TMeP)(L);]Cl, the meso methyl signal
changed from a singlet to two singlets as the temperature was lowered. In the case of [Co(TEtP)(L),]Cl, the
meso methylene protons also changed from asinglet to two singlets, although they should change from a

Table 1. UV-Visible Spectral Table 2. Chemical Shifts of a Series of [Co(TRP)(L),]Cl at 25 °C in
Data in CH,Cl; at 25 °C (A nm) CD,Cl, or CDCl; Solution (6 ppm)
meso Imidazole
R L Soret Q1 Q2 R L Py-H
a-H BH 1-H 2«H 28H 4H 5H

H 24Prlm 412 531 H 2-Melm 945 ©m»  — 2) 28  — -136 367

H 2Pdm 940 (10.02)» — 2) 467 -139 -175 390
Me 1Melm 435 5% ez .
Me 2Melm 441 569 612 ¢ 2Melm 947 414 2 230 — 024 427
Me 2E0m 441 567 612 Me 2EUm 939 412 — 2) 269 097 050 39
Me 24Pdm 437 565 610  Me 2-Pidm 940 4.09 — 2) 387 -122 063 405

Et 2Melm 943 442 173 2) 238 — -040 403
Et 2-Melm 441 567 610 g aipqm  g94p 446 172 105 -390  -LI1 -065 421
Er 2Edm 441 566 609 .
Et 2ipim 440 566 608 Pt Him 935 4.61 192 1005 — — 046 413
, Pr 2-Melm 925930 446,456 1751811016 225 —— -011 413
ipr | .Melm 444 567 615 934,938 2.02,2.10
ir 2.Melm 452 5718 620 Pr 2 Edm 933,935 4.48 1.88,191 947 241 075 -0.13 445
‘ro2EUm 449 576 619 ior 2P 937,940 4.653 1.93
ipr 2ipm 448 S74 616 9.43(m) 2-70 202 926 364 098 034 433

1) Chemical shift of the protons directly bonded to the meso carbons.
2) The signal was not found probably due to the broadening.

Table3.  Activation Free Energy (kJ mol™!) at Coalescence Temperature. Value in the Parenthesis is a
Coalescence Temperature.

5 TRP?

TPPY TMP -

L R=Me R=Et R=Pr R='Bu®

1-Melm <42 (<-72°C) <42(<-T2°C) PR — <42 (<72 °CY? 57

2-Melm <42 (-12°C) 60 (6.0°C) 49 (:35°C) 51(27°CY®  70(57°C) R
49 (40 °C)®

2-Eim <42 (-72°C) 67 (30.8 °C) 52 (40 °C) 53 (-15°C) 73 (65 °C) —

2-Prim <42(-72°C)  >88(>130°C) 58(5°C) 62 (30 °C) >T7(>70°C) —

1) Reference 18. 2) This work. 3) Reference 27. 4) L = HIm. 5) Obtained from $-CHj;. 6) Obtained from a-CH,
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Figure 1. 'H NMR spectrum of [Co(TiPrP)(Z-EtIm)z]Cl taken in CDCl3 at 25 °C. Inset (a) is the pyrrole
proton region showing two singlets and an AB quartet. Inset (b) is the temperature dependence of the isopropyl
methine signals under the irradiation of the neighboring methyl protons.

singlet to two AB quartets. This must be due to the small difference in chemical shifts of the methylene protons
in the homotopic ethyl groups. The meso methyl protons showed no splitting even at -72 °C, although the
change from a singlet to two singlets is expected theoretically under the irradiation of the methylene protons.
The result is ascribed to the small difference in chemical shifts of the diastereotopic methyl protons in [Co-
(TEtP)(2-Melm),]Cl and [Co(TEtP)(?.-iPrIm)z]Cl. Thus, the activation free energies were determined from
the coalescence phenomena of the a-methylene signals. In the case of {Co(TEtP)(2-EtIm),]Cl, however, even
the methyl signals showed coalescence phenomena. Thus, the activation free energies were determined by
using two different probes; the values obtained from the methyl and methylene signals were 51 kJ mol-! (-27
°C) and 49 KkJ mol-! (-40 *C), respectively, at the coalescence temperature given in the parenthesis. In the case
of [Co(TiPrP)(L)Z]Cl, the meso a-methine signal changed from a singlet to two singlets under the irradiation
of the meso methyl signals. The meso B-methy! protons showed four sets of doublet in [Co(TiPrP)(2-
Melm),]Cl and three sets of doublet in [Co(TiPrP)(Z-EtIm)z]Cl even at room temperature. In the case of
[Co(TiPrP)(Z-iPrIm)ﬂCl, however, the B-methyl protons gave an unresolved signal even at low temperature.
Rate constants and activation free energies for ligand rotation at the coalescence temperature were obtained by
using conventional equations.

As mentioned, each proton showed sharp singlet even at -72 °C in the case of [Co(TiPrP)(HIm)z]Cl. If
we assume that the chemical shift difference of the isopropyl methine protons is 10 Hz and the coalescence
temperature is -80 °C, the activation free energy is calculated to be 42 kJ mol-1. If we assume that the chemical
shift difference is 30 Hz, which is the case in {Co(T iPrP)(2-Mt:Im)2]Cl, and the coalescence temperature is -90
°C, then the activation free energy decreases to 37 kJ mol-!. Thus, the activation free energy of [Co(TiPrP)-
(HIm),]Cl is described as < 42 kJ mol-! in Table 3.
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DISCUSSION

Stable Conformation in Solution: Several examples have already been reported on the hindered rotation
of the coordinated imidazole ligands in low spin iron(I1I) and cobali(IIl) porphyrin complexes.5:18.19 In the
meso tetrasubstituted porphyrin system, the stable conformation was reported to be the one where the co-
ordinated imidazole ligands are placed along the diagonal Cye0-M-Cppeso aXes above and below the porphyrin
ring perpendicularly to each other as shown in Figure 2(a).78 In the case of dodecasubstituted porphyrin
complex such as bis(pyridine)(2,3,7,8,12,13,17,18-octaethyl- 5,10, 15,20-tetraphenylporphyrinatocobalt(111)),
the stable conformation was reported to be the one in which the coordinated pyridine ligands are orientated
along the diagonal N-Co-N axis as shown in Figure 2(b).19 In the present case, the splitting pattern of the
meso a- and B-proton signals reveals that the stable conformation is the one given in Figure 2(a).
Unambiguous evidence supporting this idea was obtained from the low temperature 1H NMR spectra of
[Co(TMeP)(L),]Cl and [Co(TiPrP)(Z-MeIm)z]Cl. The former gave two singlets and the latter gave four sets of
doublet for the meso methyl protons when the ligand rotation was hindered on the NMR time scale. Although
pyrrole protons of these complexes should give two singlets and an AB quartet if they take the conformation
given in Figure 2(a), the chemical shifts are, in many cases, too close to observe this type of splitting.
Exceptional cases are [Co(T\PrP)(2-Melm);]Cl and [Co(TiPrP)(Z-EtIm)z]C] in which the chemical shifts of the
pyrrole protons are different enough to give this splitting pattern as shown in the inset (a) of Figure 1. Based
on these observations, we concluded that the stable conformation is the one given in Figure 2(a).

(a) (b)

Figure 2. Stable conformations of (a) tetraalkylporphyrinatocobalt(III) with bulky imidazole ligands and (b)
dodecasubstituted porphyrinatocobalt(IIT) with pyridine ligands.

Nonplanarity of the Porphyrin Ring: The data in Table 1 clearly indicate that both the Soret and Q
bands are red shifted as the meso substituent becomes bulky; Soret band of [Co(TRP)(2-iPrIm)2]Cl varied
from 412 nm(R = H) to 437 nm(R=Me) and 440 nm (R=Et), and then to 448 nm (R=iPr). The Q1 band also
moved from 531 to 565 and 566, and then to 574 nm for the H, Me, Et, and iPr complexes, respectively.
Thus, the order of the red shift is H << Me < Et <iPr. The red shift was also observed in both the Soret and Q
bands when 1-Melm was replaced by much bulkier 2-Melm. It was reported that the Soret and Q bands exhibit
red-shift, when the porphyrin ring deforms, due to much larger destabilization of the HOMO relative to the
LUMO.20-22 Thus, the data in Table 1 indicate that the porphyrin ring deformation takes place in solution as the
alkyl substituents are introduced at the meso and imidazole 2-positions.
Recent systematic studies on the structure of a series of nickel(Il) meso-tetrasubstituted porphyrin
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complexes [Ni(TRP)] by the molecular mechanics calculation and in some cases by the X-ray crystallographic
analysis have also revealed that the S4 deformation of the porphyrin ring increases as the meso substituents
become bulky.23 This study has shown that the ruffling dihedral angle, which is defined by the dihedral angle
between pyrrole rings in the diagonal positions and is indicating the degree of deformation of the porphyrin
ring, changes from 253 and 21.0 ° in the Me and Et complexes to 36.6 ° in the iPr complex. Since the
unsubstituted complex [Ni(THP)] has been reported to have a planar porphyrin ring, the ruffling dihedral angle
should be 0 °.24 Thus, the order of the ruffling dihedral angles is H << Et < Me < iPr, which is in good
agreement with the order of the red shift.

The 'H NMR chemical shifts of these complexes also suggest the nonplanarity of the porphyrin ring in

solution. For example, the imidazole methyl signals in a series of 2-Melm complexes [Co(TRP)(2-Melm),]CI
were observed at -2.87, -2.30, -2.38, and -2.25 ppm for R = H, Me, Et, and iPr, respectively. Thus, the
methyl signal moves to lower magnetic field as the meso substituents become bulkier. Similar results were
obtained for the imidazole 2-a-proton signals in a series of [Co(TRP)(Z-iPrIm)z]Cl; the chemical shifts of these
signals were -4.67, -3.87, -3.90, and -3.64 ppm for the complexes with R = H, Me, Et, and iPr, respectively.
Thus, the low field shift of up to 1.0 ppm was observed when the alkyl substituent was introduced at the meso
positions. The imidazole 4-H signal also moved from -1.75 (R = H) to -0.34 ppm (R = iPr). Even the
imidazole 5-H signal moved from 3.90 (R =H) t0 4.33 (R= iPr). The downfield shift of the imidazole protons
in the complexes with bulky alkyl substituent could be explained by the decrease in ring current caused by the
deformation of the porphyrin ring, although recent study on the porphyrin ring current suggests that the
decrease in ring current due to the nonplanarity of the porphyrin ring is ca. 5% even in a highly deformed
porphyrin complex.25 Since the imidazole 2-a-H and 4-H are located quite close to the meso substituents, the
chemical shifts must be influenced not only by the ring current but by the steric factor. Thus, it might be safe to
consider the downfield shift of 0.43 ppm observed in the imidazole 5-H as the reflection of the decrease in ring
current due to the nonplanarity of the porphyrin ring. In both [Co(TRP)(2-Melm),]Cl and [Co(TRP)(2-iPr-
Im),]Cl, the order of the downfield shift is H << Me < Et < iPr which is again consistent with the UV-Vis
results.
Barriers to Rotation of the Imidazole Ligands: The data in Table 3 indicate that the activation free
energies of the complexes with bulky imidazole increase as the meso substituent changes from Me, Et, and
then toiPr group. Splitting of the signal was not observed, however, in the complexes which have no
substituents at position 2 of the imidazole ring, as is clear from the low temperature NMR spectra of {Co-
(TiPrP)(H-Im)2]CI. No splitting of the signal was observed in the meso unsubstituted complex even if the
axial ligand is bulky 2-iPrlm. Thus, in the present system, existence of substituents at both the meso positions
and imidazole 2-position seems to be necessary for the observation of the hindered rotation on the NMR time
scale at easily accessible temperature.

The high barriers to rotation observed in this system is interpreted as follows. In the presence of bulky
substituents such as isopropyl group at the meso positions, porphyrin ring can no longer be planar as is clear
from the X-ray crystallographic result of the analogous [Ni(TiPrP)}]; this porphyrin is highly S4 deformed and
the average deviation of the meso carbons from the porphyrin mean plane reaches as much as 0.72 A4
When bulky 2-Melm binds to the cobalt to form [Co(’I‘iPrP)(Z-MeIm)Z]Cl, the ligand is orientated parallel (o the
porphyrin cavities as shown in A of Figure 3. Repulsive interaction between the ligand and meso substituent
would be effectively weakened by the further ruffling of the porphyrin ring. Rotation of both of the imidazole
ligands would increase the energy level and lead to the transition state of the rotation process. If we assume that
the perpendicular conformations T, and T, in Figure 3, where the imidazole ligands are placed along the
diagonal N-Co-N axes, are the transition states, the energy level of these states would be greatly increased due
to the severe steric repulsion between the imidazole ring and the porphyrin core. It should be noted that the
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conformation of the porphyrin ring changes concomitantly as the axial ligands rotate. Further rotation of the
imidazole ligands leads to the stable conformations, B and C. Figure 3 shows that the porphyrin ring inversion
takes place during the rotation process from A to B or from A to C. Introduction of much bulkier substituent
at position 2 of the imidazole ring would destabilize both the ground state and transition state. While the
repulsive interaction in the ground state is expected to be weakened effectively by the much deeper S, ruffling
of the porphyrin ring, the energy relief must be smaller at the transition state where the steric repulsions between
meso substituents and the pyrrole B-hydrogens increase. In fact, the activation free energy increased from 51
kJ mol-! in [Co(TEtP)(2-Melm),]Cl to 62 kJ mol-! in [Co(TEP)(2-iPrlm),]ClL.

Figure 3. Schematic presentation of the rotation of the coordinated imidazole ligands in [Co(TRP)(L),]CL. A:
Ground state conformation. The ligands are orientated along the diagonal Cpyeg,-C0-Cieqo aXes. T; and Ty:
Plausible structure for the transition state of rotation where two ligand molecules are placed along the diagonal
N-Co-N axes. B and C: Ground state conformations after the 90 ° rotation of both of the ligands.
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Tetramethylporphyrin is known to be planar or nearly planar from the X-ray crystallographic analysis of
the analogous [Ni(TMeP)].11-13 Yet, the activation free energies for rotation in [Co(TMeP)(L);]C! were still
fairly high, 49 to 58 kJ mol-! depending on the axial ligand. Consideration of the molecular model of this
complex suggests that the energy difference between the ground and transition states would be quite small if the
porphyrin ring maintains its planarity. Relatively high barrier to imidazole rotation suggests that the conforma-
tion of the porphyrin ring changes from the planar to the S4 ruffled structure by the coordination of the bulky
imidazole ligands. In fact, nonplanarity of this complex is suggested both by the red shift of the Soret and Q
bands in the UV-Visible spectra and by the downfield shift of the imidazole signals in the TH NMR spectra as
compared with those of the corresponding unsubstituted [Co(THP)(L);]Cl. Thus, the structure of [Co(TMeP)-
(L)2]C1 would be quite similar to that of [Co(TiPrP)(L)z]Cl except for the degree of deformation. The best
example supporting this speculation is the X-ray crystallographic structure of [Fe(TPP)(2-Melm),}+.26
Although tetraphenylporphyrin (H;TPP) is a planar ligand, the porphyrin ring in [Fe(TPP)(2-Melm),]JCIO, was
reported to be S4ruffled due to the steric repulsion between bulky 2-Melm and o-H of the meso phenyl
groups; average deviation of the four meso carbons from the mean porphyrin plane was 0.40 A. Similarly, the
porphyrin ring in [Fe(TMP)(1,2-Me;Im);]C104 was reported to be highly S4 ruffled in the crystal as mentioned
in the INTRODUCTION of this paper.? The activation free energy for rotation of the 1,2-Me,lm ligand in this
complex was reported to be 47 kJ mol-! at -34 °C.5 These results suggest that, in order to observe the hindered
ligand rotation on the NMR time scale at an easily accessible temperature, the porphyrin ring must be deformed
to have deep cavities.

Based on the discussion given above and the rotation mechanism shown in Figure 3, the activation free
energy for ligand rotation obtained by the dynamic NMR method (AGgpsq* ) thus includes the intrinsic energy
required for the porphyrin ring inversion (AG;,,* ) and some additional energy (AG* ) related with the
rotation of imidazole ligands as presenied by equation (1). In this equation, the first term AG;,,* indicates the

AGgpsd* = AGj* + AG* (hH

difference in the conformational energies of the porphyrin ring between the ground state A and the transition
state Ty or T. The second term AG* includes every additional energy caused by the presence of the axial
ligands. The major part of AG* must be the steric repulsion of the imidazole ligands with the porphyrin core at
the transition state for rotation. The first term is expected to predominate in the tetraalkylporphyrin system such
as [Co(TIPrP)(2-Melm),]Cl since the severe steric repulsion takes place between the meso iPr and pyrrole f-
hydrogen at the transition state as compared with the ground state. In contrast, the second term might be
predominant in the tetraarylporphyrin system such as [Co(TMP)(2-Melm),]Cl due to the steric repulsion
between imidazole 2-substituent and the porphyrin nitrogens at the transition state. 18

Quite recently, Meforth et al reported the hindered rotation of the unhindered ligands in highly nonplanar
porphyrins such as 2,3,7,8,12,13,17,18-octaethyl-5,10,15,20-tetraphenylporphyrinatocobalt(I11) and meso-
tetra(t-butyl)porphyrinatocobalt(I11) systems.27 The porphyrin ring of the former complex is S4 saddled and that
of the latter complex is Sy ruffled. In both systems, the porphyrin rings have very deep cavities and the ligand
molecules bind along the cavities, making the perpendicular alignment above and below the porphyrin ring. In
these systems, even the rotation of less bulky ligands such as 3-chloropyridine and 1-methylimidazole was
hindered on the NMR time scale. The activation free energy for ligand rotation in [Co(T'BuP)(1-Melm),]Cl
was estimated to be 57 kJ mol-1. Since the activation energy for the porphyrin ring inversion in this system is
expected to be quite large due to the highly S4 ruffled structure, the major part of the activation energy for the
ligand rotation process in [Co(T'BuP)(1-Melm),]Cl would be ascribed to the conformational change of the
porphyrin ring during the rotation of the imidazole ligands.
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In conclusion, we have found that the activation free energy for ligand rotation in a series of tetraalkyl-

porphyrinatocobalt(lII) complexes, [Co(TRP)(L),]Cl where R = H, Me, Et, or iPr and L is substituted
imidazole such as 1-Melm, 2-Melm, 2-EtIm, or 2-iPrIm, increases as the meso and/or imidazole 2-substituent
become bulky. The increase in activation free energy has been ascribed to the nonplanarity of the porphyrin
ring caused by the steric repulsion of the meso substituent with pyrrole p-hydrogens and with imidazole 2-
substituent based on the red shifted Soret and Q bands in the UV-Visible spectra and the downfield-shifted
imidazole protons in the TH NMR spectra.
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EXPERIMENTAL

General: Pyrrole, acetaldehyde, propionaldehyde, isobutylaldehyde were purchased and they were distilled
before use. IH NMR spectra were recorded either on a JEOL GX270 operating at 270 MHz or on a JEOL
LA300 operating at 300 MHz. Chemical shifts were referenced to residual CHDCly(d = 5.32 ppm) or CHCl3(6
=7.26). UV-Visible spectra were recorded on a Hitachi 200-10 spectrophotometer at 25 °C using CH,Cl, as
solvent. The activation free energies for the ligand rotation were obtained by the dynamic !H NMFE
method.282% The rate constant (kg; s*!) for ligand rotation at the coalescence temperature (T¢; K) was
calculated by using the following equation, where Av (Hz) is the difference in chemical shift of the exchanging
protons in the slow limit. The activation free energies for the ligand rotation (AG.* ; kJ mol'') was then
calculated by the Eyring’s equation.

ke = (m Av)A2)12

Synthesis: A series of tetraalkylporphyrins were prepared from freshly distilled pyrrole and the
corresponding aldehyde in propionic acid at 90 °C according to Neya’s method.173031 Insertion of cobalt was
carried out in refluxed CHCl3-CH;0H(3:1) using excess amount of CoCl,. The cobalt(II) complexes
[Co(TRP)] thus obtained were purified by chromatography on alumina. The chloroform solution of the
purified cobalt(II) complex was stirred overnight with excess imidazole under air to form bis(imidazole)
complex [Co(TRP)(L),]Cl. The green-purple solid, obtained after the chromatography on neutral alumina with

CH,Cl,-CH30H(95:5), was purified by recrystallization from CH,Cl,-hexane. The UV-Visible and 'H NMR
data of these complexes are given in Table 1 and Table 2, respectively.
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