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Abstract: Resonance Raman (RR) spectra of porphyrin w cation radicals were investigated for the Fe"' and Fe'v states by 
using (tetramesitylporphyrinato)iron complexes [(TMP)Fe]. Vibrational modes were assigned on the basis of the isotopic 
frequency shifts upon 15N and meso-'3C substitution and the reported normal coordinate analysis. For both the Fe111 and Fe'v 

porphyrin ir cation radicals, the v4 band was significantly shifted to lower frequency and thus the previous assignment by Kincaid 
et al. (J. Am. Chem. Soc. 1989, / / / , 735) should be modified. The RR spectra exhibited no temperature dependence between 
-100 and +10 0C and between -100 and -80 0C for the Fe"' and Felv porphyrin ir cation radicals, respectively, indicating 
the presence of one type of radicals, presumably the a2u radical judging from the low-frequency shifts of the v2 mode. The 
controversy about the Fe IV=0 stretching mode (CF<T-O) of t n e Fe IV=0 porphyrin ir cation radical was clarified by demonstrating 
that the two ^^-o RR bands appear at 829 and 801-802 cm"1 in the presence of EtOH and /i-PrOH while a single band appears 
at 831 or 801 cm"1 in the presence of MeOH or /-BuOH, respectively. The difference between the cFe=_o frequencies in the 
presence and absence of MeOH were interpreted reasonably in terms of the effect of the fifth ligand. 

Oxidation states of iron porphyrins higher than the ferric state 
play a key role in the catalytic reactions by heme enzymes2 such 
as peroxidases, catalases, and cytochrome P-450 and also in ep-
oxidation of olefins by oxoferryl porphyrins.3 Localization of the 
oxidation equivalent particularly in the Fev oxidation state has 
been a matter of debate. The corresponding intermediate for 
horseradish peroxidase (HRP, compound I) is considered to have 
the F e ' v = 0 porphyrin ir cation radical on the basis of Mossbauer,4 

visible absorption,5 ENDOR,6 NMR,7 EPR,8 and EXAFS9 

spectroscopies, while that of cytochrome c peroxidase (CcP, 
compound ES)'0 was demonstrated to have the F e I V = 0 neutral 
porphyrin and protein cation radical." A question to be answered 
is how the F e I V = 0 bond is affected by the localization of the 
oxidative equivalent to the porphyrin ring or the protein moiety. 
Furthermore, when the oxidative equivalent is localized in a 
porphyrin ring, the orbital occupancy of the unpaired electron is 
suggested to relate with the functional differences of enzymes; 
the intermediates of catalase and peroxidase were deduced to have 
the 2A i u and 2A211 ground states, respectively, on the basis of 
absorption spectra of model compounds.5 However, recent studies 
with NMR'2 and ESR'3 assigned both reference model compounds 
to alu radicals. 

Resonance Raman (RR) spectroscopy is a powerful technique 
for characterizing the iron porphyrins in heme proteins as well 
as in organic solvents.14 While some in-plane vibrations exhibit 
frequency shifts depending on delocalization of ir electrons between 
the iron ion and the porphyrin macrocycle, the frequency of the 
F e l v = 0 stretching vibration (i>Fe=0) serves as the most direct 
probe of the F e ' v = 0 bond. The CFC—O RR band was identified 
for HRP compound II,'5"17 CcP compound ES,'8 and even com­
pound B of cytochrome oxidase.19 The corresponding F̂c=O band 
for the Fe'v==0 porphyrins in organic solvents was also elucidated 
by several groups.20"23 However, the RR spectra of HRP com­
pound I with one more higher oxidation state than compound II 
has been controversial due to its photolability.24"28 Therefore, 
it is quite important to establish in a model system how RR spectra 
are altered by further oxidation of the F e , v = 0 porphyrin and 
how the F e l v = 0 bond is affected by it. 

Previously we reported the vF e = 0 RR band of the F e ' v = 0 
porphyrin w cation radical,29 but it was claimed by Kincaid et al.30 
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who suggested that the previous PFSFO RR band might arise from 
a photoreacted product. On the other hand, RR spectra of me-
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talloporphyrin 7r cation radicals were reported for (TPP)M (TPP 
= tetraphenylporphyrin) and (OEP)M (OEP = octaethyl-
porphyrin) complexes,31"33 in which M = Co", Cu", Zn", Ni", 
Co1", and V IV=0, and the RR spectral differences between the 
a u and a2u radicals have been established. However, an iron 
porphyrin was not included in such studies. Accordingly, in the 
present study, we investigated the RR spectra of Fe1" and Fe,v 

porphyrin TT cation radicals by using (tetramesitylporphyrinato)iron 
complexes [(TMP)Fe]. Here we assign the vibrational modes of 
the cation radicals on the basis of 15N and 13C isotopic frequency 
shifts, explain how the porphyrin macrocycle is altered by removal 
of an electron, and solve the remaining controversy about the I1Fe=O 
RR band stated above. 

Experimental Section 

Materials. 1!N-enriched pyrrole (95%) and 13C-enriched potassium 
cyanide (99%) were purchased from Cambridge Isotope Laboratories and 
used without further purification. The latter was used after conversion 
to Zn(13CN)2 by using ZnSO4.

34 54Fe2O3 (97% enriched) was purchased 
from Rohstoff Einfuhr and converted to 54FeSO4 with the method re­
ported previously.35 The 15N-enriched (TMP)H2 [(TMP-15W4)H2] was 
synthesized from pyrrole-15/V and mesitaldehyde in the presence of 
BF3Et2O according to Lindsey et al.36 Its mass spectrum gave a peak 
at mle = 786.57 for the calculated value of 786.42 expected for C56-
H54

15N4. The meso-13C-incorporated (TMP)H2 [(TMP-13C4)H2] was 
obtained similarly from the 13C-enriched mesitaldehyde, which was 
prepared in 77% yield from the AlCl3-catalyzed Gattermann reaction of 
mesitylene with Zn(13CN)2.37 The IR spectrum of mesitaldehyde gave 
the 1 3CH=O stretching band at 1650 cm-1 but no band of the 1 2CH=O 
stretching mode. The mass spectrum of (TMP-13C4)H2 exhibited a single 
peak at mje = 786.00 for the calculated value of 786.45 expected for 
C52H54N4

13C4. 
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Figure 1. Resonance Raman spectra of (TMP)Fe111Cl and its isotopom-
ers in CH2Cl2 at room temperature: (A) unlabeled species, (B) pyr-
role-15/V derivative, (C) meso-13C derivative, (D) polarized spectra for 
unlabeled species. Raman bands marked by a dagger are due to solvent. 

Table I. Observed Frequencies, Isotopic Frequency Shifts, and the Mode 
Assignments for Raman Bands of (TMP)Fe111Cl and the Corresponding 
Data for (TPP)Ni" 

"1° 

1612 
1554 
1493 
1454 
1364 
1274 
1254 
1229 
1183 
1073 
1018 
1003 
863 
846 

P* 

P 
P 
dp 
P 
P 
dp 
dp 
P 
dp 
P 
dp 
P 
dp 
dp 

(TMP)Fe111Cl 

AK 1 3N)' 

0 
0 
0 
0 
-5 
-10 
-9 
-1 
0 
-2 
-9 
-15 
-1 
-4 

AK13C)'' 

-1 
-7 
-1 
-8 
-4 
+ 1 
-9 
-4 
0 
-1 
-4 
-3 
-13 
-7 

assignt' 

phenyl (cga) 
"2 

"ii 

"3 

"4 

"12 

"27 

"i 

"34 ("n) 

"9 

"15 

"6 

"32 

"16 

"/ 

1572 
1504 
1470 
1374 
1302 
1269 
1235 
1190 
1079 
1005 
1004 
869 
846 

(TPP)Ni 

AK 1 5N) 

0 
0 
0 
-6 
-11 
-8 
-1 
0 
-1 
-10 
-20 
-2 
-7 

Ii 

AK 1 3C) 

-8 
0 
-6 
0 
0 
-5 
-6 
0 
-1 
-8 
-2 
-4 
-10 

"Observed frequencies. 'Polarization. 'Isotopic frequency shift for 15N 
substitution. dIsotopic frequency shift for 13C substitution. 'Mode number 
is based on ref 41. -̂ AIl data for (TPP)Ni" were observed values reported in 
ref 41. 

(TMP)Fe111Cl was obtained from the reaction of FeSO4 with 
(TMP)H2 in 7V,A'-dimethylformamide (DMF), followed by the treatment 
with 3 N HCI according to Kobayashi et al.38 The (TMP)Fe111Cl was 
converted to (TMP)Fe111ClO4 by treatment with AgClO4 and then oxi­
dized to a porphyrin ir cation radical [(TMP-+)Fem(C104)2] by Fe(Cl-
04)3 . This exhibited dark green color, and its absorption spectrum was 
in agreement with that reported.39 The oxo ferryl porphyrin T cation 
radical [(TMP , +)Fe I V=0] was prepared through oxidation of (TMP)-
Fe111Cl by m-chloroperoxybenzoic acid (mCPBA) in the Raman cell kept 
in the ethanol bath at -80 0C according to Groves et al.,40 and its for­
mation was confirmed by the color change to the characteristic green 
color. For the experiments with alcohol-containing solvents, the mixing 
ratio of alcohol to CH2Cl2 was 1:19 in volume. Since this complex was 
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not so stable, its RR spectrum was measured within 6 min after forma­
tion. 

Raman Measurements. Raman scattering was excited at 406.7 nm 
with a Kr+ ion laser (Spectra Physics, 2016) and detected with a pho-
todiode array (PAR 1420) attached to a double monochromator (Spex 
1404). The spectral resolution in terms of the width/pixel was 1.4 cm"1. 
Raman shifts were calibrated with indene as standard with the accuracy 
of ±1 cm"1. All measurements were carried out with a spinning cell with 
a diameter of 2 cm. The cell was spun at 1600 rpm in a cryostat that 
was cooled to -80 CC by cold N2 gas. The laser power was brought to 
the lowest possible (5 mW) to avoid photoreaction except for the ex­
periments of power dependence. 

Results 
Ferric Neutral Compounds. Figure 1 shows the RR spectra of 

(TMP)Fe111Cl and its pyrrole-15/^ and meso-13C isotopomers. In 
order to draw any structural information from the observed RR 
spectra, it is indispensable to characterize the vibrational properties 
of some marker bands to be used in this study. The vibrational 
properties of the porphyrin skeleton of (TMP)M would be close 
to those of (TPP)M, for which Spiro and co-workers41 and Bocian 
and co-workers42 worked out the normal coordinate analyses with 
M = Ni" and M = Cu", respectively. Even though the absolute 
frequencies depend on a metal ion coordinated, the isotopic fre­
quency shifts should generally be close between the corresponding 
vibrational modes if these modes were alike. Accordingly, we 
assign the observed RR bands of (TMP)Fe111Cl on the basis of 
the isotopic frequency shifts upon 15N [Ac(15N)] and 13C sub­
stitutions [Av(13C)]. Since the observed frequency shifts are closer 
to those of (TPP)Ni" than to those of (TPP)Cu", we adopt the 
mode numbering by Spiro and co-workers.41 

The observed frequency shifts for (TMP)Fe111Cl and plausible 
assignments are summarized in Table I together with the corre­
sponding reported data of (TPP)Ni11.41 Two polarized (p) bands 
at 1364 and 1003 cm"1 exhibit large Ac(15N) and therefore are 
assigned to c4 and c6, respectively. They involve mainly the CaN 
and CaC0 stretching vibrations.41 The p bands at 1554 and 1454 
cm"1 give large Ac(13C) and zero Ac(15N), in agreement with the 
properties of the c2 and c3 modes of (TPP)Ni11. These frequencies 
reflect mainly the strength of the C13C^ and CaCm bonds. The 
p band at 1073 cm"1 shows little shift upon both 15N and 13C 
substitutions and is assigned to c9, which mainly involves the 
in-plane Cj-H bending vibration. It is puzzling that the 1080-cm"1 

band of (TPP)Cu" shows large isotopic frequency shifts [Ac(15N) 
= 6 and Ac(13C) = 3 cm"1]42 contrary to small shifts for (TPP)Ni" 
and the present iron complexes. The highest frequency depolarized 
(dp) band at 1493 cm"1 is insensitive to both 15N and 13C sub­
stitutions and is assigned to C11, which is predominantly associated 
with the CsC13 stretching mode.41 The dp band at 1274 cm"1 gives 
large Ac(15N) and small Ac(13C), while the dp band at 1254 cm"1 

shows large shifts for both 15N and 13C substitutions. These 
properties are in agreement with those of c12 and c27, respectively.41 

The Cu and c27 frequencies reflect primarily the strength of the 
CaN bond, although the latter contains significantly the Cm-phenyl 
stretching character. The dp band at 1183 cm"1 shows little shift 
for both 15N and 13C substitutions, and this is anticipated for c17 

and C34.
41 Since the absolute frequency is closer to C34 of (TPP)Ni11, 

the band is tentatively assigned to c34, which contains mainly the 
C8-H in-plane bending vibration. The dp band at 1018 cm"1 

exhibits large Ac(15N) and moderate Ac(13C), and is assigned to 
C15, which arises mainly from the CnC3 stretching vibration. The 
dp band at 863 cm"1 shows very large Ac(13C) and small Ac(15N). 
This is incompatible with the property of c32, but around the 
800-900-cm"1 region there is no dp band of (TPP)Ni" that shows 
such a large Ac(13C). In contrast, the dp band at 846 cm"1 exhibits 
moderate sizes of Ac(15N) and Ac(13C) that are smaller than those 
of c16 of (TPP)Ni. Therefore, with regard to c32 and c16, the actual 
vibrational mode would be appreciably different between 
(TMP)Fe111Cl and (TPP)Ni, but this vagueness would have no 

(41) Li, X. Y.; Czernuszewicz, R. S.; Kincaid, J. R.; Su, Y. O.; Spiro, T. 
G. J. Phys. Chem. 1990, 94, 31-47. 

(42) Atamian, M.; Donohoe, R. J.; Lindsey, J. S.; Bocian, D. F. J. Phys. 
Chem. 1989, 93, 2236-2243. 

(A) 

unlabeled 

(B) 

pyrrole-
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(D) 

<- RAMAN SHIFT/cm-

Figure 2. Resonance Raman spectra of (TMP)Fem(Im)2 and its isoto­
pomers in CH2Cl2 at room temperature: (A) unlabeled species, (B) 
pyrrole-15W derivative, (C) meso-13C derivative, (D) polarized spectra for 
unlabeled species. Raman bands marked by a dagger are due to solvent. 

Table II. Observed Frequencies, Isotopic Frequency Shifts, and the 
Mode Assignments for Raman Bands of (TMP)Feln(Im)2 

"I 

1612 
1562 
1496 
1462 
1368 
1260 
1231 
1072 
1022 
1004 
864 
848 

P 

P 
P 
dp 
P 
P 
dp 
P 
P 
dp 
P 
dp 
dp 

Ac(15N) 

0 
0 
-1 
0 
-6 
-9 
-2 
-2 
-10 
-14 
-1 
-4 

Ac(13C) 

+ 1 
-9 
+ 1 
-8 
-3 
-9 
-5 
+2 
-3 
-1 
-12 
-9 

assignt 

phenyl (x8a) 

"2 
"ll 
»i 

"4 
"27 
"I 
"9 
"IS 
"6 
"32 
"16 

problem in this study, since these modes contain mainly the angle 
deformation character. 

The RR spectra of a six-coordinate low-spin derivative with 
imidazole (Im) as axial ligands are shown in Figure 2, where the 
spectra of pyrrole-,5/V and mesc-,3C derivatives are also contained. 
The assignments of bands based on the polarization properties 
and isotopic frequency shifts are summarized in Table II. The 
skeletal double bond stretching frequencies such as c2< C11, c3, and 
c4 are shifted to higher frequency by 4-8 cm"1 upon the change 
from the five-coordinate high-spin to six-coordinate low-spin state, 
while other bands exhibit smaller shifts. The c34 band seems to 
exist at 1187 cm"1, but it is too weak to confirm. It is interesting 
that the intense c12 band of (TMP)Fe111Cl is missing for 
(TMP)Fe11^Im)2. General behaviors about the isotopic frequency 
shifts are similar between the two kinds of complexes. Therefore, 
the vibrational modes themselves are little altered by the change 
of coordination number and the spin state of the iron ion. 

Ferric r Cation Radical. Figure 3 shows the RR spectra of 
(TMP ,+)Fen,(C104)2 and its isotopomers. As seen from the 
relative intensity to the solvent peak at 1423 cm"1, Raman in­
tensities of (TMP ,+)Fe in(C104)2 are noticeably weak despite the 
fact that the absorbance of the Soret band of the TT cation complex 
is not low.39 This ferric porphyrin 7r cation was stable against 
laser illumination, and accordingly, the use of the higher laser 
power did not yield any RR spectral changes. The RR band at 
1325 cm"1 (p) exhibits a frequency shift by -6 cm"1 upon 15N 
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Figure 3. Resonance Raman spectra of (TMP-+)FeIlI(C104)2 and its 
isotopomers in dried CH2Cl2 at room temperature: (A) unlabeled species, 
(B) pyrrole-15W derivative, (C) meso-13C derivative, (D) polarized spectra 
for unlabeled species. Raman bands marked by a dagger are due to 
solvent. The spectra were observed with the spinning cell. 

Table HI. Observed Frequencies, Isotopic Frequency Shifts, and the 
Mode Assignments for Raman Bands of (TMP^)Fe11HClO4); 

AK15N) AK(1 3C) assignt 

1611 
1509 
1325 
1299 
1250 
1231 
1181 
1068 
1022 
894 
862 

P 
P 
P 
P 
P 
P 
dp 
P 
dp 
P 
dp 

0 
-4 
-6 
0 
-

+3 
-1 
-2 
-3 
0 
0 

-2 
-12 
+2 
-1 
-3 
-5 
-2 
0 
-2 
-4 
-14 

phenyl (ega) 

"2 
"4 

"12 

"i 
"34 

"9 
"15 

"32 

substitution and is therefore assignable to c4. Note that the c4 

frequency of the ir cation radical is distinctly lower than that of 
the ferric neutral porphyrins shown in Figures 1 and 2 (1364-1368 
cm"1), although the vibrational mode itself might be slightly altered 
from them. The dp band at 1250 cm"1, which is probably buried 
under the 1234-cm"1 band for the 15N derivative but can be 
identified at 1247 cm'1 with the 13C derivative, has large Av(15N) 
and small Ac(13C), suggesting to assign the 1250 cm"1 band to 
Ki2, which also arises from the CaN stretching vibrations. This 
is also downshifted from that of (TMP)Fe111Cl. Thus, all the 
vibrations containing the CaN stretching character are shifted 
to lower frequencies in the ir cation radical. 

The nearby band at 1231 cm"1 (p) is assignable to V1. The 
assignment of an intense polarized band at 1509 cm"1, which shows 
a large shift (-12 cm"') upon 13C substitution, is a key of this 
spectrum and will be discussed later. Note that the 1509-cm"1 

band exhibits an appreciable shift upon 15N substitution contrary 
to expectation to the e2 mode. Frequencies of other bands below 
1240 cm"1 are not greatly different from those of (TMP)Fe111Cl. 
The frequency of the phenyl ring mode at 1611 cm"1 remains 
unaltered by ionization of the porphyrin ring, suggesting that the 
electronic states of phenyl rings are almost completely separated 
from those of porphyrin rings. Plausible assignments of Raman 
bands of (TMP ,+)Fe ln(C104)2 are summarized in Table III. 
Although the mode numbers are commonly used in the neutral 
porphyrins and the ir cation radical, actual vibrational modes 

(A) 

unlabeled 
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Figure 4. Resonance Raman spectra of (TMP,+)Fe,v=O(Me0H) and 
its isotopomers in CH2Cl2 containing MeOH at -80 0C: (A) unlabeled 
species, (B) pyrrole-l5JVderivative, (C) meso-l3C derivative, (D) polarized 
spectra for unlabeled species. The spectra were observed with the spin­
ning cell. Raman bands marked by a dagger are due to solvent. The 
ratio of mCPBA to porphyrin was ca. 20. 

would be appreciably different between them. The results indicate 
that removal of an electron from the porphyrin ring causes changes 
of a relatively limited number of double bond stretching fre­
quencies. The RR spectrum little changed between +10 and -100 
0C. 

Ferryl ir Cation Radicals. Figure 4 shows RR spectra of 
(TMP , + )Fe I V =0 and its isotopomers in CH2Cl2 containing 
methanol (MeOH). The formation of the target compound was 
confirmed with visible absorption spectrum.29 The Raman in­
tensity is considerably weak, probably due to low Soret absorbance. 
In contrast with (TMP'+)Feni(C104)2, (TMP ' + )Fe ' v =0 was 
readily photodecomposed upon stopping of spinning of the Raman 
cell, and the RR spectrum of the photoproduct observed then was 
the same as that of (TMP)Fe111OH. 

Recently Kincaid et al.30 assigned the RR band of (TMP ,+)-
F e l v = 0 at 1358 cm"1 to the v4 band. However, as evident from 
Figure 4D and A, this band is depolarized and exhibits no fre­
quency shift upon 15N substitution. Therefore, the 1358-cm"1 band 
cannot be i>4. On the other hand, the RR band at 1335 cm"1 is 
shifted to 1319 cm"1 upon 15N substitution and is therefore as­
signed to V4. This frequency is significantly lower than that (1371 
cm"1) of the oxoferryl neutral porphyrin [(TMP)Fe^=O] reported 
previously.23 If there were contaminated any ferric TMP deriv­
atives, a polarized band corresponding to their i>4 band should be 
observed around 1364-1368 cm"1 as seen in Figures 1 and 2. Since 
such a band is not seen in Figure 4A, this sample seems to contain 
scarcely the photodecomposed ferric compounds. 

The polarized band at 1517 cm"1 is shifted to 1514 and 1502 
cm"1 upon 15N and meso-13C substitutions, respectively, and is 
assignable to the v2 mode. However, similar to the 1509-cm"1 band 
of (TMP*+)Feni(C104)2, it would not be the same mode as that 
expected from v2 of (TPP)Ni" due to the appreciable 15N shift. 
The weak dp band at 1457 cm"1 might arise from c n although 
it gives large Ac(13C). The RR spectrum of (TMP , + )Fe I V =0 
did not change between -100 and -80 0C, although at higher 
temperature the decomposed compounds appeared. Tentative 
assignments of other RR bands of (TMP*+)Fe I V=0 are sum­
marized in Table IV together with the observed frequencies of 
the corresponding bands of oxoferryl neutral porphyrin 
[(TMP) Fe l v =0] . 2 3 

In our previous report,29 the RR band at 831 cm"1, which is 
seen at similar frequencies for the 15N and 13C derivatives in Figure 
4, was assigned to the F e l v = 0 stretching vibration ("Fe=o) of 
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Table IV. Observed Frequencies, Isotopic Frequency Shifts, and the 
Mode Assignments for Raman Bands of (TMP,+)Fe,v=0(MeOH) 
and the Corresponding Data for (TMP) Fe l v=0 

(TMP*+)Fe,v=(MeOH) (TMP)Fe ,v=0 
"/ 

1614 
1517 
1457 
1358 
1335 
1236 
1181 
1067 
1024 
1003 
894 
862 
831 

P 

P 
P 
dp 
dp 
P 
P 
dp 
P 
dp 
P 
P 
dp 
P 

Ar(15N) 

-1 
-3 
-1 
+2 
-16 
+ 1 
0 
-2 
-9 
-12 
0 
0 
0 

AK 1 3C) 

-1 
-15 
-8 
-16 

-6 
0 
0 
-4 
-3 
0 

-10 
+ 1 

assignt 

phenyl («8i) 

"2 
"Ii 

n 
"i 
C34 or K n 

"9 
"IS 
"6 

"32 
"Fe-O 

»1 

1570 

1371 
1229 

1071 

862 
843 
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Figure 5. Resonance Raman spectra of (TMP,+)Felv=0(mCBA) and 
its isotopomers in dried CH2Cl2 at -80 8C: (A) unlabeled species, (B) 
pyrrole-15^ derivative, (C) meso-13C derivative, (D) polarized spectra for 
unlabeled species. Raman bands marked by a dagger are due to solvent. 
The spectra were observed with a spinning cell. The ratio of mCPBA 
to porphyrin was 2. 

(TMP ' + )Fe ' v =0 on the basis of the 18O and 54Fe isotopic fre­
quency shifts. However, Kincaid et al.30 claimed that this band 
arised from a photodecomposed compound and the vfc=o band 
of (TMF + )Fe l v =0 was located at 801 cm"1. As noted previously, 
when the spinning of the cell was abolished, the 831-cm"1 band 
disappeared, and therefore, it cannot be ascribed to a stable 
photoproduct. Furthermore, the relative intensity of the 831-cm"1 

band to other porphyrin bands was not altered by the laser power 
change between 5 and 0.5 mW that was the lowest possible power 
for the Raman measurements, and a Raman band was not rec­
ognized around 800 cm"1 with the weakest laser power. In this 
regard, the reported results shown in Figure 1 of ref 30 were partly 
nonreproducible. According to the initial report on (TMP*+)-
F e l v = 0 by Groves et al.,40 this compound is more stabilized in 
the presence of MeOH than in its absence. Therefore, in the 
previous study,29 we carried out the experiments for the solution 
containing MeOH. However, MeOH might have coordinated to 
the trans position of the oxo oxygen and altered the CF8=O fre" 
quency. In order to solve this controversy, we prepared the v 
cation radical without MeOH. The results are shown in Figure 
5. 

A prominent RR band at 1355 cm"1 shows no shift upon 15N 
substitution but is shifted to a lower frequency by 6 cm"1 upon 
13C substitution. The vt band, which should be polarized and is 

RAMAN SHIFT / cm"1 

Figure 6. Resonance Raman spectra of (TMP,+)Felv=0(mCBA) in 
dried CH2Cl2 at -80 0C: (A) derived from "Fe porphyrin and ordinary 
mCPBA, (B) derived from 54Fe porphyrin and ordinary mCPBA, (C) 
derived from 56Fe porphyrin and [11OJmCPBA. Others are the same in 
the caption of Figure 5. The inset figure shows the absorption spectra 
in the a band region of (TMP,+)FeIV=0(MeOH) (solid line) and 
(TMP,+)Fe,v=0(mCBA) (broken line). 

expected to shift upon 15N substitution, cannot be identified in 
Figure 5. This band might be buried in a wing of the 1355-cm"1 

band, but difference calculation failed to reveal the presence of 
the 1SN isotope sensitive band. A new band appears at 1526 cm"1, 
which exhibits -4- and -8-cm"1 shifts upon 15N and 13C substi­
tutions, respectively, similar to the 1509-cm"1 band of 
(TMP,+)Fem(C104)2 and is considered to arise from the modified 
V2. Frequencies of other bands and their behaviors upon isotopic 
substitutions bear close resemblance between Figures 4 and 5, 
although the relative intensity of the band at 1003 cm"1 to others 
is slightly higher. It is noted that an intense band is observed at 
801 cm"1 in Figure 5. 

The inset of Figure 6 compares the visible absorption spectra 
of (TMP*+)Fe I V=0 observed in the presence and absence of 
MeOH. Difference in the a band is clear, although the difference 
was little in the Soret band. Figure 6 shows the behavior of the 
801-cm"1 band for the use of (TMP)54FeCl and 180-labeled 
wCPBA. The 801-cm"1 band shifts to a higher frequency by 3 
cm"1 with the 54Fe porphyrin and to a lower frequency by 37 cm"1 

with the 18O derivative. These agree closely with the expected 
shifts of M5 4Fe) = 3.3 cm"1 and AJ-(18O) = -35.2 cm"1 calculated 
for a diatomic Fe=O harmonic oscillator. Therefore, this band 
is assigned to the i-Fe=o band of (TMP , +)Fe I V=0, in agreement 
with Kincaid et al.30 When the laser power was raised, the 
831-cm"1 band did not appear but the 801 cm"1 band simply 
disappeared. To gain an insight into the compound obtained in 
the presence of MeOH, we added various kinds of alcohols to the 
solvent, and the results are summarized in Figure 7. 

As shown by spectra B and C in Figure 7, the two bands around 
831 and 801 cm"1 are coexistent for the solvent containing ethanol 
(EtOH) (precisely, 829 and 802 cm"1) and 1-propanol («-PrOH) 
(829 and 801 cm"1), while frequencies of other bands are little 
altered. For the solution with 2-methyl-2-propanol (/-BuOH) (D), 
the 831-cm"1 band was missing but a band was present at 801 
cm"' similar to the case of the absence of alcohol (E). In a separate 
study for (OEP)Fem(2-MeIm),43 coordination of MeOH, EtOH, 
and n-PrOH to the sixth coordination position of the Fe"1 ion was 
confirmed by observations of the Fe,n-alcohol stretching RR band 
and a CT absorption band around 570-590 nm, but /-BuOH did 
not give such evidence for coordination. Accordingly, it is deduced 

(43) (a) Fidler, V.; Ogura, T.; Sato, S.; Aoyagi, K.; Kitagawa, T. Bull. 
Chem. Soc. Jpn., in press, (b) Ogura, T.; Fidler, V.; Ozaki, Y.; Kitagawa, 
T. Chem. Phys. Lett. 1990, 169, 457-459. 
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Figure 7. Resonance Raman spectra of (TMP,+)FeIV=0(alcohol) and 
(TMP-+)Felv==0(mCBA) at -80 0C in dried CH2CI2 with methanol 
(A), ethanol (B), n-propyl alcohol (C), or tert-butyl alcohol (D) and in 
the absence of any alcohol (E). The spectra were observed with the 
spinning cell. 

that steric hindrance between bulky alkyl group and pyrrole ni­
trogens interferes with coordination of r-BuOH. The frequency 
difference in vpe-o between the presence and absence of alcohol 
might be attributed to the difference between the alcohol-coor­
dinated and noncoordinated compounds. However, this is not 
compatible with a general idea that the five-coordinate oxoferryl 
complexes give rise to higher ppj-o frequency than the six-co­
ordinate complexes.20"23 

An alternative idea comes from the fact that the RR spectra 
in Figure 7B, C, and D are very alike except for the 801 /831-cnT1 

features. Comparison of RR spectra between the five- and six-
coordinate ferric complexes shown in Figures 1 and 2 suggests 
that the structural difference appears in the intensity of the i>i6 

band (846 cm"1 in Figure 1 and 848 cm"1 in Figure 2), which is 
noticeably weaker for the six-coordinate complex, while frequencies 
of RR bands below 1100 cm"1 are almost the same between the 
two kinds of complexes. The absence of the v16 band in Figure 
7 despite of the presence of the i>32 band, which is characterized 
by a large Av(13C) in Figures 4 and 5, suggests that the compound 
in question adopts the six-coordinate structure irrespective of the 
presence or absence of alcohol. Previously, Groves et al.40 inferred 
that the reaction product of mCPBA, that is, m-chlorobenzoic 
acid (mCBA), was coordinated to the trans position of the oxo 
oxygen. In the presence of alcohol, mCBA would compete with 
alcohol for coordination at the axial position but the equilibrium 
becomes biased to alcohol. In this interpretation, the frequency 
difference in fFe—o >s ascribed to the difference in <r donation of 
the trans ligand; the larger the <r donation is, the lower the cF e = 0 

frequency is. If the a donation from wCBA is larger than that 
of alcohol, the lower v^^o m t n e absence of alcohol is reasonably 
interpreted. In fact, for oxoferryl neutral complexes, the vF e = 0 

frequency is lower when the trans ligand is N-MeIm (807 cm"1) 
than when it is THF (829 cm"1).21 One may argue that the ligand 
with higher a donor property wins in the competition for coor­
dination. It would be true if the concentration of mCBA were 
the same as that of alcohol. Actually, however, the concentration 
of alcohol is much higher than that of wCBA. 

Discussion 
Nature of the Fe=O Bond in the Ferryl ir Cation Radical. An 

oxoferryl porphyrin ir cation radical has a catalytic activity as 

a monoxygenase in contrast to the oxoferryl neutral porphyrins. 
We are curious to know an origin of the differences in nature of 
the Fe=O bond between the two kinds of complexes. The v¥^o 
RR bands have been studied for various Fe porphyrins,20"23 and 
they can be categorized into three groups: five-coordinate com­
plexes (i>Fe=_o = 852 cm"1 for O2 matrix20 and 843 cm"1 in toluene 
solution23), six-coordinate with a weak trans ligand (i>Fe_0 = 
829-820 cm"1),21 and those with a strong trans ligand (vFe_o = 
807 cm"1).21 In the present study, the MFe==0 frequency of the ir 
cation radicals was located at 831 cm"1 for a weak trans ligand 
(alcohol) and at 801 cm"1 for a stronger trans ligand (mCBA). 
Consequently, the difference in vFe_o frequencies between the 
porphyrin ir cation radical and neutral porphyrin is smaller than 
the effect from the trans ligand. 

Recently, Su et al.44 observed the upshift of the V i v = 0 
stretching frequency (vv=o) of (0EP)V I V =0 upon formation of 
TT cation radical (alu) and ascribed it to the polarization effect 
of x electrons. They observed 1.00% downshift of the e y o o a n d 
of ( 0 E P ) V l v = 0 when the solvent was changed from benzene to 
CH2Cl2 and 1.52% upshift of it upon the formation of a ir cation 
radical without a change of the coordination number. Upon 
coordination of alcohol or a strong ligand like imidazolate to the 
trans position of oxygen, they observed a 2.35% or 5.99% decrease 
of the j/y—o frequency. If the same rate is applied to (TMP)-
F e l v = 0 with vFe=o at 843 cm"1 in toluene,23 the >>Fr_o frequency 
of the five-coordinate neutral state in CH2CI2 would be 835 cm"1, 
and the hypothetical five-coordinate (TMP*+)FeIV=0 would have 
vF e = 0 = 848 cm"1. If mCBA were regarded as a strong ligand 
like imidazolate, the (TMP ,+)Fe IV=0(alcohol) and (TMP*+)-
FeIV=0(mCBA) would have vF^o = 828 and vFe_o = 797 cm"1, 
respectively. These are unexpectedly in good agreement with the 
observed values. Therefore, the difference between two frequencies 
is reasonably ascribed to the trans effect. 

Macor et al.45 pointed out that the i/v=o frequency is different 
between the alu and a2u radicals; it is lower than that of the neutral 
mode by 16 cm"1 for the a2u radical [(TPP , +)V I V=0] and higher 
than it by 15 cm"1 for the alu radical [(OEP*+)VIV=0]. However, 
one cannot rule out a possibility that difference in porphyrin 
peripheral substituents (ethyl vs phenyl) causes some differences 
in coordination of the trans ligand, which yields some difference 
in the i/v_o frequency without direct interaction with the half-
occupied a,u or a2u orbital. 

State of Porphyrin Macrocycle in the v Cation Radical. The 
characteristic feature of (TMP*+)Fe IV=0(MeOH) is the con­
siderable downshift of the vA frequency, and this is also true with 
(TMP , +)Fem(C104)2 . Since the peak position for ([13C]-
TMP ,+)Fe IV=0(MeOH) is not clear, it is difficult to deduce how 
close to that of (TPP)Ni the vA vibrational mode of (TMP ,+)-
Fe I V =0( MeOH) is. However, judging from the large value of 
Av(15N) compared with those of ferric compounds, the i/4 mode 
of (TMP , +)Fe I V=0(MeOH) should involve significant CaN 
stretching character. Accordingly, the formation of the w cation 
radical with (TMP)Fe1" and (TMP)Fe I V=0 is accompanied by 
weakening of the CaN bonds, and/or the vibrational mode itself 
became a more pure C0N stretching vibration. This contrasts with 
the case of (TPP)V l v=0, which exhibited only a 2-cm"' downshift 
of H4 upon formation of the ir cation radical.45 

It is also noted that the phenyl mode becomes noticeably 
stronger upon formation of the ir cation radical for (TPP)V I V=0 
but it remains weak for the (TMP ,+)Fe system. The intensifi­
cation of the phenyl band is also seen for (TPP*+)Cu".33 This 
may imply that, in the electronic excited state or both the ground 
and excited states, the peripheral phenyl rings of TPP become more 
coplanar to the porphyrin plane and thus ir electrons of the phenyl 
group are more delocalized to the half-filled radical orbital for 
(TPP1+)M. Since the orbital density at Cm is high for the a2u 

(44) Su, Y. O.; Czernuszewicz, R. S.; Miller, L. A.; Spiro, T. G. J. Am. 
Chem. Soc. 1988, 110, 4150-4157. 

(45) Macor, K. A.; Czernuszewicz, R. S.; Spiro, T. G. Inorg. Chem. 1990, 
29, 1996-2000. 

(46) Song, H.; Reed, C. A.; Scheidt, W. R. J. Am. Chem. Soc. 1989, / / / , 
6865-6866. 
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radical, although it is zero for the alu radical, a slight change of 
the Cm-Cphenyi dihedral angle easily changes an amount of w 
derealization. If it occurs only in the excited state, the Soret 
excitation causes a change of IT electron distribution and thus 
strength of C=C bonds of the phenyl ring. Then more resonance 
enhancement of the phenyl mode is reasonably interpreted. In 
the case of (TMP1+)M ir cation radicals, however, the internal 
rotation around the Cm-Cphe„yi bond is interfered by the steric 
hindrance between two o-CH3 groups of the phenyl ring and the 
pyrrole groups of the porphyrin, and therefore, the ir conjugation 
between the phenyl and porphyrin rings remains unchanged upon 
electronic excitation even for the ir cation radical. This would 
be a reason why the RR intensity of the phenyl mode is unaltered 
with (TMP,+)Fe radicals. 

If such torsion around the Cm-Cphenyi bond also took place in 
the ground state of (TPP*+)M radicals, the radical property might 
be slightly diluted due to the delocalized electrons of the phenyl 
group. In the EPR study of (TPP,+)Znn, leakage of the electron 
spin density to the phenyl rings has been detected.47a_c A the­
oretical calculation on phenyl hyperconjugation,48 which describes 
T-o spin derealization into twisted phenyl rings, predicts larger 
leakage of the spin density for larger torsion around the Cm-Cp|,enyi 
bond. In a crystal, the phenyl group of (TMP)M is nearly per­
pendicular to the porphyrin plane4* but that of (TPP)M is slightly 
rotated around the Cm-Cphenyi axis.39 If similar torsion is present 
for (TPP,+)M in solutions, this would affect frequencies of double 
bond stretching modes of porphyrins and cause some difference 
between RR spectra of (TMP ,+)Fe ,v=0 and (TPP'+)VIV=0 
porphyrin TT cation radicals. Indeed, the 1H NMR shift of the 
meta protons of the phenyl ring is appreciably different between 
(TMP,+)FeI"(C104)2

4° and (TPP-+)FeHI(C104)2.
39 In the case 

of heme proteins, there should be no inflow of ir elecrons at Cn, 
upon formation of the ir cation radical. In this regard, the results 
from the RR studies on (TPP)V=O45 should be carefully applied 
to heme proteins. 

Vibrational Modes of r Cation Radicals. According to the 
reports on the porphyrin ir cation radicals of a divalent metal,31"33 

the C2 band is the most intense RR band upon the Soret excitation. 
Therefore, it is likely that the 1507-cirf1 band of (TMP,+)-
Fen,(C104)2 arises from the V1 mode. The V1 mode of neutral 
metalloporphyrins contains mainly the CaCm stretching character 
and is expected to show no shift upon 15N substitution but a large 
shift upon 13C substitution.41 Indeed, such a feature was confirmed 
in this study for the five-coordinate high-spin and six-coordinate 
low-spin ferric (TMP)Fe complexes as shown in Tables I and II. 
However, the 1507-Cm"1 band of (TMP-+)Fe"'(C104)2 exhibited 
an appreciable shift upon 15N substitution as well as upon meso-13C 
substitution. Therefore, the V1 mode of the porphyrin ir cation 
radical is inferred to contain the CaN stretching character, which 
is different from the V1 mode of (TPP)Ni and (TMP)Fe111Cl. Since 
an electron is removed from the ir orbital, which is bonding or 
antibonding regarding a given bond, it is rather natural that the 
force constants and thus vibrational energy distributions for the 
ir cation radicals are appreciably altered from those of the neutral 
state. The low-frequency shift of V1 might be partly due to 
weakening of the CaN bond. When the difference in the vibra­
tional mode is admitted, the corresponding bands of the FeIV=0 
porphyrin ir cation radical observed at 1517 cm"1 for (TMP'+)-
Felv=0(MeOH) (Figure 4) and at 1526 cm"1 for (TMP*+)-
Felv=0(wCBA) (Figure 5) are also assignable to V1. Then, they 
are significantly lower than the V1 frequency (1570 cm"1) of the 
Fe l v=0 neutral porphyrin. 

The V] i band, which arises from the nearly pure C-9Ĉ 3 stretching 
vibration for Ni(TPP) and is expected to give no shift upon 
meso-13C and 15N substitutions,41 is considered to appear at 1458 
cm"1 for (TMP,+)Felv=0(MeOH) and at 1457 cm"1 for 

(47) (a) Fajer, J.; Borg, D. C; Forman, A.; Dolphin, D.; Felton, R. H. J. 
Am. Chem. Soc. 1970, 92, 3451-3459. (b) Fajer, J.; Davis, M. S. In The 
Porphyrins; Dolphin, D., Ed.; Academic Press: New York, 1978; Vol. IV, p 
197. (c) Harris, K. D. M.; Thomas, J. M. / . Chem. Soc, Faraday Trans. 
1990, 86, 1095-1101. 

(48) Pople, J. A.; Beveridge, D. L. J. Chem. Phys. 1968, 49, 4725-4726. 

(TMP,+)FeIV=0(wCBA), although they exhibited the rneso-13C 
isotopic shift of-8 cm"1. These frequencies are significantly lower 
than that of (TMP)Feln(Im)2 (1496 cm"1), but it is not unrea­
sonable from the fact that V1 band is significantly downshifted. 
We rather infer that this mode of the ir cation radical contains 
the C0Cm stretching character and therefore shows the meso-l3C 
isotopic frequency shift. Such changes of vibrational modes in 
the ir cation radical are also apparent from the observed differences 
in the 15N and meso-i3C isotopic frequency shifts between the ferric 
neutral porphyrins and ir cation radicals studied here. 

Czernuszewicz et al.33 strengthened little change of vibrational 
modes between the neutral porphyrin and ir cation radicals on 
the basis of similarity in deuteration shifts. They investigated 
(TPP,+)Cu2+ and observed -10- and -32-cm"1 shifts for i>4 and 
c2, respectively, upon formation of the T cation radical in contrast 
with -36 and -52 cm"1 for (TMP'+)FeIV=0 (see Table IV). One 
of the plausible explanations for the smaller shifts for (TPP*+)Cu11 

is that the radical character is reduced for (TPP*+)Cu" due to 
the torsion around the Cm-CphenyI bond, and accordingly, its vi­
brational modes are closer to those of neutral porphyrins. How­
ever, there have been no experimental data about 13C and 15N 
isotopic frequency shifts for (TPP'+)Cu", and a correlation be­
tween the frequencies of the core size marker bands and the core 
sizes has not been investigated for (TPP'+)M yet. Detailed 
discussion about the vibrational modes of (TPP'+)Cu" should be 
postponed until such data are provided. Currently this is a sole 
study that gives the 13C and 15N isotopic shift data for (TPP)M-
type T cation radicals. 

alu and a2u Radicals. Czernuszewicz et al.33 revealed the RR 
spectral characteristics of the alu vs a2u T cation radicals of me-

' talloporphyrins. According to them, (OEP'+)M gives the alu-like 
radical and brings about an upshift of V1 and a downshift of v4, 
while (TPP,+)M gives the a2u-like radical and brings about a 
downshift of V1 and a smaller but variable downshift of v4. The 
oxoferryl radical obtained in the present study is characterized 
by large downshifts of both vA and V1. Therefore, this radical is 
categorized to the typical a2u radical. This is consistent with the 
NMR and Mossbauer studies,40'4' which pointed out that 
(TMP,+)Feni(C104)2 has the a2u radical character. Since the RR 
spectrum did not show any temperature dependence for both Fe"1 

and FeIV=0 porphyrin ir cation radicals, coexistence of two kinds 
of radicals50 is unlikely. In other words, the energy difference 
between the a,u and a2u radicals is fairly large. 

Mossbauer, NMR, and X-ray crystallographic analyses of the 
six-coordinate (TPP*+)Feni(C104)2 and five-coordinate 
(TPP'+)Fem(SbCl6) revealed the presence of the ferro- and an-
tiferromagnetic coupling between the high-spin iron and the un­
paired electron in the a2u orbital.39,49 Since the a2u orbital has 
a large density at nitrogen,51 the planarity of the FeN4 core is 
expected to affect the spin arrangement; if it were domed, 
overlapping between the dT orbitals of iron and the a2u orbital at 
nitrogen would increase and it would stabilize the antiferro-
magnetic structure. The structure of (TMP,+)M is reported to 
be planar,46 and accordingly the ferromagnetic coupling would 
be dominant. Since the frequencies of the single bond stretching 
and deformation mode frequencies below 1240 cm"1 are scarcely 
altered between (TMP-+)Feni(C104)2 and (TMP,+)FeIV=0-
(MeOH), the planar structure would be maintained in the ferryl 
state, too. 

Czernuszewicz et al.33 observed a novel feature characteristic 
of IT cation radicals. They observed an anomalously polarized (ap) 
band around 1000 cm"1 upon Soret excitation for both (TPP+)Cu" 
and (OEP'+)Ni" and explained it in the following way: The 2A)U 
and 2A211 states are mixed through a vibration with the A2g sym­
metry, and the ap band around 1000 cm*1 corresponds to this 
mode. If so, the ir cation radicals that yield the ap band around 
1000 cm"1 can be regarded as the a,u/a2u admixture that should 

(49) Buisson, G.; Derozier, A.; Duee, E.; Gans, P.; Marchon, J. C; Reg-
nard, J. R. J. Am. Chem. Soc. 1982, 104, 6793-6796. 

(50) Fujii, H.; Morishima, I. To be published. 
(51) Kashiwagi, H.; Obara, S. Int. J. Quantum Chem. 1981, 20, 843-859. 
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be distinguished from the a,u/a2u thermal mixture.50 Unfortu­
nately, we failed to detect it for both (TMP,+)FeI"(C104)2 and 
(TMP+)Fe , v=0. (TPP-1OCu11 and (TPP'+)FemCl(SbCl6) are 
known to adopt a ruffled structure in a crystal52 and probably so 
in solution. In contrast, (TMP*+)M are considered to adopt a 
planar structure.39,46'49 This feature and the hindrance of the 
torsion around the Cm-Cphenyl bond stated above may suggest that 
the (TMP*+)M system gives more pure a2u radical than the 
(TPP,+)M system. 

Since the C-3C8 bond is antibonding and bonding for the alu 
and a2u HOMOs, respectively,51 removal of an electron from the 
a)u or a2u orbital is expected to cause the up- or downshift of the 
C-3Cg stretching vibrations. On the other hand, the CaN bond 
is nonbonding and antibonding for the a^ and a2u HOMOs;51 the 
downshift of the C0N stretching frequency is never expected upon 
formation of a cation radical from the simple consideration. This 

(52) Scheidt, W. R. Struct. Bonding (Berlin) 1987, 64, 1-70. 

Introduction 
The utility of microporous solids in many scientific and tech­

nological applications has led to the development of several 
strategies for the designed construction of lattice clathrates. The 
host lattices targeted in these efforts include three-dimensional 
extended solids, networks of hydrogen-bonded molecules, and 
molecular solids in which only van der Waals forces maintain the 
host structure. The large class of tetraphenylporphyrin 
(TPP)-based clathrates previously identified in this laboratory1 

fall into the last category. In materials of this kind, control of 
the clathrate properties of the solid is based primarily on the 
control of molecular shape. 

Although the clathrate properties of most molecular host 
materials (including the TPP-based hosts) have been discovered 
by chance, rational efforts in the design of new host systems have 
been successful. Notable in this regard is the work of MacNicol,2 

which focuses primarily on the maintenance of high symmetry 
in the molecular building blocks. Large rigid molecules of high 
symmetry have few degrees of conformational and orientational 
freedom and are thus unlikely to pack efficiently in a three-di­
mensional lattice. Any inefficiency in the packing produces a 
driving force for clathrate formation. Clathrate properties of many 
molecular materials can be rationalized on this basis. Among these 

* Author to whom correspondence should be addressed. 
1SChOoI of Chemistry, Tel-Aviv University, Israel. 
'Department of Chemistry, Harbor College, Los Angeles, CA. 

implies that significant configuration interaction occurs in the 
cation radical state and the resultant electronic state cannot be 
easily inferred from the ground-state wave functions of neutral 
porphyrins. 

In conclusion, it became evident that both the i>4 and v2 bands 
are shifted significantly to lower frequency in the ir cation radical 
of Fe"1 and FeIV porphyrins. Little shift of the v4 frequency upon 
the formation of compound I of HRP raises a question about the 
established assignment of the IT cation radical at ambient tem­
peratures. The RR spectrum of oxoferryl porphyrin ir cation 
radical is along the extension of the a2u-type divalent metallo-
porphyrin 7r cation radicals, but it might be different from other 
a2u-type ir cation radicals given by (TPP,+)M with regard to the 
torsion around the Cm-Cphenyi bond. The vFe=o frequency is not 
greatly perturbed by formation of the T cation radical, but is more 
sensitive to its trans ligand. The controversy between Kincaid 
et al.30 and our previous report29 was reasonably explained in terms 
of the difference of the trans ligand. 

are the Werner complexes,3 the cyclophosphazenes,4 perhydro-
triphenylene,5 the cyclotriveratrylenes,6 the triphenylmethanes,7 

tri-o-thymotide,8 numerous "hexa-hosts" prepared by MacNicol 
and co-workers,2 as well as the "porphyrin sponges".1 Tetra-
phenylporphyrin-based hosts differ in one important way from 
most of the others. While they do not pack efficiently in three 
dimensions, TPP molecules pack quite efficiently in two dimen­
sions. As a consequence one finds in a large number of such 
clathrates a common host structure shown in Figure 1. This 
observation provides the basis for the development of a more 
controlled approach to the design of microporous molecular solids 
based on rigid symmetric building blocks with self-complementary 
shapes. 

The investigation reported herein includes a detailed analysis 
of the molecular packing in over 100 TPP-based clathrates. This 

(1) Byrn, M. P.; Curtis, C. J.; Khan, S. I.; Sawin, P. A.; Tsurumi, R.; 
Strouse, C. E. J. Am. Chem. Soc. 1990, 112, 1865-1874. 
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Abstract: Analysis of the crystal structures of over 100 tetraarylporphyrin-based lattice clathrates reveals the extent to which 
van der Waals interactions between host molecules govern the crystal packing. In all these materials, corrugated sheets of 
tightly packed porphyrin molecules stack to form arrays of parallel channels in which a remarkable variety of guest species 
are accommodated. Conservation of the host structure in the absence of any covalent or hydrogen-bonding connection between 
host molecules suggests an engineering strategy for the designed construction of molecular solids. This strategy is based on 
the use of rigid molecular building blocks with self-complementary shapes. Identification of the features of the molecular 
structure responsible for the versatility of tetraarylporphyrin-based clathrates lays the groundwork for the development of 
new microporous materials. X-ray structural data are provided for 34 new materials. 
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