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Abstract-A new symmetric porphyrin, 7,8,17, I8-tetraethyl-3,13dimethylporphyrin-2, I Zdipropionic 
acid and its derivatives were synthesized by the a,c-biladiene route. Condensation of the dipropionic acid 
with diamine, [H,N(CH&NH, n = 6,7,8,9,10,12, and 141, afforded the corresponding cyclophane 
porphyrins. The bridged groups were characterized by the ‘H-NMR spectra of their zinc complexes. The 
spin state of the Fe(III) complexes of the cyclophane porphyrins was investigated by changing the size 
of the bridged chain or size of axial ligand. The cyclophane-porphyrinato(II1) perchlorate complexes in 
a mixture of MeOH and CHCI, with Qbenzylpyridine provide a model for methemoproteins. Steric 
constraint between an axial ligand and the bridge group, (-CH,CH,CONH(CH,),NHCOCHrCHrj at the 
bridged face determines the ratio of the penta- and hexa-coordinated ferric complexes. The rate of O- 
binding to the Co(I1) cyclophane porphyrins is markedly dependent on the size of the bridge chain. The 
present result indicates that removal of a solvent molecule or sixth axial ligand from the near proximity 
of the Co(I1) complex increases the rate of 0- binding. 

Syntheses of various kinds of porphyrins and 
metalloporphytins have been developed in order to 
elucidate the functions of the heme enzymes and 
hemoproteins. In monomeric porphyrin ligands, spe- 
cial synthetic devices have been developed to con- 
struct a hydrophobic environment in close proximity 
to the metal atom in the metalloporphyrins. The main 
purpose of such a systhetic design is to avoid auto- 
oxidation of the oxyheme. J-’ Approaches to synthetic 
porphyrin ligands as models for hemoproteins can be 
classified into two groups. The first approach in- 
volves the synthesis of meso-tetra-(2-substituted- 
phenyl)porphyrins; examples are the picket fence,3 
capped,’ and strati porphyrins5 While the second 
involves the synthesis of porphyrins having strapped 
axial ligands or bridged chains at the peripheral 
/I-positions of the pyrrole ring of the porphyrin6 
These porphyrins have proven to be very useful 
models to mimic the heme enzymes and hemo- 
proteins. In previous communications, we have dem- 
onstrated the marked effect of the bridged group on 
axial ligation in cyclophane porphyrin iron com- 
plexes.’ Battersby et al. have reported independent 
syntheses of bridged porphyrins.’ More recently 
Chang et al. have also made similar bridged por- 
phyrins (“crowned porphyrins”9.‘0) and investigated 
nonbonding steric effect on CO and O2 binding to the 
heme.‘O. Brief reports of the syntheses and physico- 
chemical properties of doubly bridged porphyrins has 
also approved.“s’2 

Furthermore, from the standpoint of cyclophane 
chemistry, it is very interesting to note the physico- 
chemical properties of large aromatic compounds 
bridged with long chains. We wish to report the 
syntheses of several cyclophane porphyrins and their 
metalloporphyrins. In particular, anomalous axial 
ligation to the cyclophane porphyrin complexes will 
be described in relation to some stage of the hemo- 

proteins and heme enzymes which usual metal- 
loporphyrins are not able to mimic. 

RESULTS AND Dl!XXJS!3lON 

Two 34diethylpyrroles constitute the A and C 
rings in the cyclophane porphyrin as is shown in the 
Scheme I. Battersby et al. have used 2-methyl- 
3-ethylpyrrole instead of 3+diethylpyrrole to con- 
struct bridged porphyrins.‘2 However, there is no 
essential difference between the two systems as lig- 
ands. Dipyrrylmethene (3) was prepared by the con- 
densation of 1 and 2 in 48% HBr-EtOH. Bromination 
of 3 at the Sposition of the pyrrole ring and at the 
S-Me was carried out with Br, in glacial acetic acid. 
The a,c-biladiene (5) was obtained in good yield by 
coupling of dipyrrylmethene (3 and 4) with anhydrous 
stannic chloride. The diester (6) was prepared in mod- 
erate yield from the cyclization of 5 in o- 
dichlorobenzene at elevated temperature. Hydrolysis 
of the diester (6) in acidic media gave the carboxylate 
(7). Reduction of 6 with LiAIH, afforded diol (8), 
which was converted to the dibromide (9) in aqueous 
HBr. The porphyrin (7) was strapped by con- 
densation of two propionic acid groups at the 
2- and Itpositions with diamine H2N(CH2),NH2 
in high dilution. Therefore, the bridged chain 
[-CH2CH,CONH(CHJ,NHCOCH2CH2-] has n + 8 
atoms. (The number in the bracket of [ml-cyclophane 
porphyrin denotes the total number of atoms in the 
bridge chain across the face of the porphyrin ring.) 
Yields of the cyclophane porphyrins were improved 
by the mixed anhydride method. The cyclophane por- 
phyrins were separated in the form of their Zn(I1) 
complexes due to facile manipulation in TLC. A refer- 
ence porphyrin was prepared by condensation of 6 
with n-hexylamine in order to compare the physical 
properties of the cyclophane porphyrins with those of 
unbridged porphyrins. Mass spectra of the Zn(II) 
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Scheme I 

complexes show parent peaks at the expected mass 
and weak peaks due to the doubly charged ions. The 
absorption spectra of the cyclophane porphyrins are 
almost identical with that of the reference porphyrin. 

Fig. 1 shows the ‘H-NMR spectra of the Zn(II) 
complex of [22]-cyclophane porphyrin (10) at 32 and 
90” in pyridined,. Fig. 2 displays those of the Zn(II) 
complex of [14]-cyclophane porphyrin (16) under the 
same conditions. Some chemical shifts of the complex 
(10) appear at higher magnetic field by about 1 ppm 
than those of the reference complex. These signals are 
assignable to the CHI groups of the bridged chain. The 
distance between the central methylene groups and the 
Zn atom is estimated to be 7 8, from the small ob- 
served up-field shift on the basis of the isoschielding 
map of the alkyl Rh(II1) porphyrin complex.” In con- 
trast to [22]-cyclophane porphyrin, the NMR spectra 
of the porphyrin complexes strapped by shorter chains 
show marked high-field shifts due to the diamagnetic 
ring current of the porphyrin macrocycle. The chem- 
ical shifts of the hexamethylene protons of 16 are 
observed at 6 -1.6, -2.2 and -2.7. Those of the methy- 
lene groups of 15 are centered at 6 -1 .O, -2.6 and -3.6. 
The chemical shifts of the central methylene of the 
heptamethylene chain showed the largest up-field shift 
among those of the cyclophane porphyrin complexes. 
The separation of the central methylene oup of 15 
from the Zn atom is estimated to be 4 x from the 
isoshielding map.” 

It is noted that some signals become sharper at 
elevated temperature. Broad signals due to the methy- 

lene groups of the[l8]cyclophane complex at 32” are 
resolved into fine structures at 90” in pyridine-d, solu- 
tion. The signals of the a- and /I-CH, protons at 5.0 
and 3.4 and the 6-CH, at 2.9 became clearer and 
sharper at elevated temperature as is seen in Fig. 3. 
These trends are indicative of averaging of the methy- 
lene sites due to fast thermal motion of the bridged 
chain. The signals of the amide NH protons shift 
toward higher magnetic field by l-2 ppm as the tem- 
perature is increased. This up-field shift of the amide 
proton resonance is probably caused by a wiggling 
motion of the bridged chain at higher temperature. 
The average location of the NH proton of the rather 
rigid amide group seems to be in close proximity to the 
porphyrin plane in the thermally activated state. Fig. 
4 illustrates a schematic representation of the proton 
chemical shifts of the bridged chains. The reference 
porphyrin complex (17) shows two triplets at 5.30 and 
6.61 ppm assigned to the -“CH,- and -WH,- protons 
of the propionamide groups. Those of the cyclophane 
complexes become more complicated and may be ana- 
lyzed as an AA’BB’ type pattern. These results clearly 
indicate that the free rotation of the propionamide 
around the pyrrolic C and the a-C of the bridge is 
entirely inhibited. All signals of the bridged methylene 
groups represented by the 6- and c-protons are shifted 
to lower magnetic field as the number of methylenes 
increases. The shielding effect due to the diamagnetic 
ring current may, therefore, be used to estimate the 
cavity size at the bridged face of the porphyrin com- 
plexes. 
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Fig. 2. ‘H NMR spectra of [I4]-cyclophane porphyrin Zn(I1) complex in pyridined, at 31.5” and 90”. 

Iron complexes of cyclophane porphyrins 
It is well known that ferric porphyrins exist in the 

high spin (s = 72) or in the low spin state (s = l/2) 
in the presence of amines such as pyridine and 
imidazole. Pentacoordinated ferric porphyrin such 
as chlorohemin are typically high spin. Axial ligation 
of two amines to ferric complexes generates the 
hexa-coordinated low spin ferric porphyrins. It is 
anticipated that steric constraint between the axial 
ligand and the bridged chain group may restrict axial 
ligation of the 6th ligand at the bridged face. This in 
turn implies that equilibrium between high and low 
spin states is dependent upon both the size of the 
axial ligand and the length of the bridged chain. In 
our previous communication we have noted the effect 
of the size of axial ligand on spin equilibrium in the 
ferric porphyrins’” and the effect of the bridged chain 
length on the spin equilibrium of ferrous porphyrins 
for low (s = 0) and high (s = 2) spin states.7c Figure 
5 shows sharp contrasts in the visible spectra of the 
ferric complexes of [ 14]cyclophaneporphyrin (25) 

and the reference porphyrin (29). The absorption 
spectrum of the ferric complex of (25) in CHCl, is 
characteristic of the high spin state. Even in pyridine 
solution, the spectrum of 25 is identical with that in 
the CHCI, solution. While the ferric high spin com- 
plex of the reference porphyrin (18) is readily con- 
verted to the hexa-coordinated complex in pyridine 
solution. Steric hindrance at the bridged face ap 
parently inhibits coordination of pyridine. Fig- 
ure 6 indicates absorption spectra of [14]- and 
[22]-cyclophane porphyrin Fe(H) complexes in pyri- 
dine and those of [22]-cyclophaneporphyrin Fe(H) 
complex in 4-t-butylpyridine. The spectral features of 
the ferrous complex obtained from 25 in pyridine is 
characteristic of the low spin complex, hemochrome 
(Scheme 2, E). As is expected, ligation of rather bulky 
axial ligands such as 4-t-butylpyridine results in 
formation of the deoxy form (Scheme 2, B). The 
dioxygen Fe(H) complex of the cyclophane por- 
phyrins (Scheme 2, C) were unstable, forming 
Cc-oxocomplex at the open face (Scheme 2, G) at 
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Fig. 3. ‘H NMR spectra of [18]~clophane po~~y~n Zn(I1) complex in pyridined, at 31.5” and 90”. 

ambient tem~rature. Protection from autooxidation 
of the oxyheme derived from cyciophane heme is not 
as effective as has been reported for that of the 
picket-fence heme. The large and rigid amide groups 
of the picket-fence heme seem to prevent migration of 
O2 to the open face to lead to the ~-0x0 ferric 
complex. Non-bonding repulsive interaction between 
0, and the bridged methylene groups may also 
decrease stability of the oxyheme. Consequentfy 
oxygenation (Scheme, 2 F) takes place at the open 
face of the heme plane to form the ~-0x0 ferric 
complex. 

Paramagnetic ‘H-NMR spectra of the Fe- 
(1iI)porphyrins provide important information on 
their spin states in the solution.‘” The por- 
phyrinatoFe(II1) perchlorate in CH&I, was deter- 
mined to be inte~ediate spin state by NMR and 
resonance Raman spectra. lJb* Ik The spin state of the 
perchlorate complex varies with polarity of solvent 
and axial ligation by solvent molecules such as 
DMSO, MeOH and THF. Weak axial ligands like 
per&orate anion are readily replaced by solvent 
molecules. Table 4 shows paramagnetic ‘H NMR 
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Fig. 4. Positions of chemical shifts of the bridged chain in the cyclophane porphyrin zinc(H) complexes 

spectra of the ferric cyclophane porphyrin complexes 
in various solvents. It is noted that the perchlorate 
complexes of non-bridged prophyrins are soluble in 
aprotic solvents, whereas those of the cyclophane 
porphyrins are insoluble in aprotic solvents and 
soluble in protic solvents such as alcohols. As has 
been mentioned in the crystallographic study of the 
perchlorate salts, the Fe(III) porphyrin is stacked 
with an aromatic compound or another Fe(II1) por- 
phyrin. A polymethylene group at the bridged face 
appears to disturb stacking with n-bases or aggre- 
gation of metalloporphyrins. 

Absorption spectra and ‘H NMR spectra of the 
chloro complexes of ferric [ 14lcyclophane porphyrin 
and the reference porphyrin in CHCI, demonstrate 
normal pentacoordination and high spin state. Addi- 
tion of methanol to the chloroform solution yields 

asymmetric ligated complexes relative to the 5- and 
6th coordination sites. The chloro anion and meth- 
anol are axially bound to the ferric complex. Para- 
magnetic ‘H NMR signals of the peripheral CH, and 
a-CH2 groups of the chloro complex (25) in CDCI, or 
in CDCI,/CD,OD are due to the high spin complex. 
Those signals of the perchlorate salt (26) in 
CDCI,/CD,OD and CDCl,/4Bz-py are different from 
those of the chloro complex (26) in CDCI&D,OD. 
Absorption spectra of 26 in these mixed solvent 
systems reveal formation of the high-spin complex. In 
the CHCI,/MeOH system, replacement of ClO,- 
with CH,OH and coordination of C104- from the 
bridged face generates the hexa-coordinated high- 
spin complex as shown in Scheme 3 (J). The ESR 
spectrum of 26 in MeOH/CH,CI, at 77K shows 
g-values at 5.8 and 2.1 due to the high-spin state. 

Table I. Microanalvses, mass spectra and absorption spectra of the zinc(II) complexes [mj-cyclophane porphyrins 
__ .___._~ 

crlcd. Found 

Compounds [ml Cc%) H(%) N(Z) C(Z) II(%) N(Z) Formula 
+ a) 

m/e(M ) 
-- .-- .-- .- - - .-___ _ 

(2) 22 70.01 8.05 9.88 70.30 R.05 9.77 C50H6dN602Zn 846 402(5.24). 535(4.15) 
572(4.23) 

(ly 20 76.15 8.52 II.10 75.95 8.58 10.96 C48H66N602 750 401(5.24), 500(4.20), 535(4.04) 
568(3.89), 622(3.72) 

($ 18 68.76 7.65 10.46 68.87 7.55 10.60 C46H60N602Zn.l/2(H 0 792 401(5.24), 535(4.15) 
573(4.23) 

(2) 17 67.70 7.32 10.53 67.71 7.49 9.97 C45Hj8N602%n.H20 778 402(5.23). 536(4.15) 
572(4.23) 

(I’:) 16 67.10 7.38 10.43 67.25 7.61 10.23 C4,H56S602”n.3/2(H20) 764 403(5.22), 537(4.15) 
573(4.24) 

(g) 15 68.66 7.32 11.17 68.76 7.04 12.07 C43t154N602Zn 750 403(5.22). 5X(4.17) 
572(4.23) 

($!) 14 68.32 7.10 11.38 68.04 7.20 11.11 C42H52S602Zn 736 406(5.24). 537C4.15) 
573C4.22) 

(a): M+ indicates parent Ion of the zinc ronplex without solvated vater 

(b); [LOI-Cyclophane porphyrin was determined as free base. 
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Fig. 5. Absorption spectra of [14]-CP.Fe(III)CI in CHCI, ( -) and pyridine (----). 

However, the ESR measurement in’CH,Cl+Bz-py 
did not show clear g-values. This result implies that 
quantum mechanical admixture of s = 5/2 and 3/2 or 
intermediate spin state(3/2) cannot be excluded for 
the cationic complex. Bulky amine molecule is not 
allowed to coordinate from the bridged face as a sixth 
ligand. Crystallographic studies of bis- 
dimethylsulfoxide and bisaquo ferric porphyrins have 
shown a new type of ferric high spin and hexa- 
coordinated complex with symmetric axial ligands” 

In CH,C1,/4-Bz-py, the first CBz-py molecule 
is able to ligate from the open face in the place of 
ClO,- (Scheme 3, K). ‘H NMR spectra of the Me 
group of the complex (26) in CDJOD/CDCIJ and 

4-Bz-py/CDCI, exhibit down-field shifts compared 
with those of the neutral penta-coordinate high-spin 
complexes. The perchlorate complex of (26) in 
CD30D/CDC19 shows a linear Curie plot of isotropic 
shift vs temperature. This fact excludes thermal mix- 
ture of low- and high-spin states in the range from 
-20” to 20”. Addition of 4-Bz-py to the CHCl, 
solution of [22]cyclophane porphyrin Fe(III) com- 
plex yields a low-spin and hexa-coordinate complex 
due to formation of the bisamine complex. Present 
results suggest that the bridged face is able to recog- 
nize the size of axial ligand. Therefore, the complex 
(26) may constitute an asymmetric hexa-coordinate 
complex formulated as P*Fe(III) (L) (L’) (Scheme 3, 

4uu 500 b1)o 
(nm) 

Fig. 6. Absorption spectra of [22)-CP.Fe(II) in benzene-pyxidinc (2:l vol/vol)(----) and [14]-CP.Fe(II) 
in benzene-t-Bu-pyridine (2:l vol/vol)(- ). Concentration of the complexes is 2.5 x 10-JM. 
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Table 2. ‘H NMR chemical shifts of [mj-cyclophane porphyrinatozinc(I1) 

I !_?_I lm- 2 2 I fu) lm=20] (12, [m-18] 

10.54(two singlet, 10.571two singlets, lo.sl(two singlets, 

2,3,12,13-W2CH3 

8,1&CH3 

7,17-CH2CH2CONHC!12- 

2,3,12,13-CH2CE13 

10.34 4Ht4HI 10.34 4HtlH) 10.40 4H+4H, 

8.28ltriplet. 2") 

4.70(triplet, 4H) 

a.OB(triplet. 2H) B.ZO(triplet, 2") 

S.OO(AA'BB'. 4H) 5.OOfAA'BB', 4~) 

4.60 4.50 

4.2Olquartet. BH) 4.16(quartet, i3H) 4.16(quartet, EH) 4.20(quartet, 8H) 

3.69(singlet, 6H) 3.77fsinqlet. 6HI 3.751slnqlet, 6") 3.64lsinglet. 6~) 

3.39ctriplet. 4H) 

3.20(quartet, 4H) 

3.4 (multiplet, 4Hl 

3.4-3.2 

3.1 (multiplet, 4Hl (multiplet, BH) 

1.9l(double triplets. 1.98(double triplet 1.99(double triplets, 

12H) 12Hl 12Hl 

1.20(sextat, 4H) 

0.42ltriplet. 6H) 

10.34 4H+4H) 

E.OO(trlplet, 2H) 

5.00(W,'BB', 4") 

4.50 

3.3-3.5fmultiplet, 

4H 

2.9Oimultlplet. 

4H) 

2.02(double triplets, 

12HI 

0.9-0.3fbroad 0.70 0.2 

multiplet, 24Hl O.lO(three broad -0.5lfour broad 

-0.4 multiplets, 2OH) -1.0 multiplets, 

-1.4 1611) 

E F G 

Scheme 2. 

II 
(H) 

L’ 

n L 

n 
I 

F; F; 
I I 
L’ C104 L’ CIO, 

(Jo (l-1 

L= CtljOH 

LO = 4-Benzylpyridine 

Scheme 3. 

L). Weak axial ligand such as ClO,- can be readily 
replaced with strong ligands or protic solvent mole- 
cule. The high solubility of 26 in MeOH suggests 
formation of H-bonds between the coordinated 
MeOH and C104-. In the case of the chloro hemin, 
Cl- tightly bonded to the hemin is dissociable and 
exchangable with strong ligands. As is shown in 
‘H NMR spectrum, it is unlikely that the CY is 
completely substituted with MeOH. In two mixed 
solvent systems, it seems that the strong ligand 
CBz-py coordinates to the ferric complex (%a) from 
the open-face due to steric constraint and the weak 
ligand MeOH ligates the bridged face without steric 
repulsion. The signals of the Me group in the present 
system differ from those of the symmetric hexa- 
coordinate and penta-coordinate high spin com- 
plexes. Prosthetic protoheme in the oxidized hemo- 
proteins is usually coordinated with the imidazole of 
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and reference porphyrinatozinc(l1) in pyridined, 
_ 

(::I [m=17, ll4) P161 It’,, [m=15, 'l$ (m=l4, 

10.4l(two singlets, 10.37ltwo singlets, 

10.33 4"+4", 10.25 IH'IH, 

7.8lltriplet. 2H, 7.27ctr1p1et, ZH, 

4.90(AA'BB', 4H, 4.80&A'BB', IH, 

4.50 4.50 

4.16ldouble gurtets 4.12Cdouble quartets, 

4H+IH, 4HIIH, 

3.64(singlet. 6") 3.571s1ng1et. 6HI 

3.24(multiplet. 4H) 

3.2-2.8 

2.90Lllultip1et. 4H, Imultlplet, 8H, 

2.00(double triplets 1.95ldouble triplets 

10.57(two SInglets, 

10.39 4H+4H, 

6.64Ctrrplet. 2H, 

5.04(AA'BB', 4HI 

4.20 

4.20ldouble guartets, 

4H*4H, 

3.52(slnglet, 6H, 

3.0-2.3 

(two multipleta, 8") 

Z.lO(double triplets, 

10.4lltwo ringlets, 

LO.36 4H+4H, 

5.94Itriplet. ZH, 

4.82(M'BB'. IH, 

4.40 

4.18ldoubl.z gurtets, 

4H+4H, 

3.64(slnglet, 6~) 

3.1-2.8Cmult~plet. 4HI 

2.0-1.6lmultiplet, 4Hl 

1.94(double triplets, 

12") 12H, 12H, 12Hl 

0.2 -1.2--2.6 -1.0 -1.4 

-l.O(three broad- (four broad multiplets, -2.5 (three broad -2.1 (three broad 

-1.4 multiplcts, 14W 12H, -3.4 multlplets, -2.7 multlplcts, EH, 

lOH, 

the proximal histidine and probably with H,O. Con- 
sequently the present intermediate presented by (L) in 
Scheme 3 seems to be an analogue of metmyoglobin 
and methemoglobin. 

(B) Cobalr(II) complexes of the bridged porphyrins 
Co(H) complexes are particularly interesting as 

analogues of the heme and hemoproteins.” The 
Co(H) complexes of the bridged porphyrins revers- 
ibly bind Or at room temperature. Fig. 7 shows the 
absorption spectra of the Co(II) complex of the 
bridged porphyrin during oxygenation. The absorp- 
tion spectrum under anaerobic condition shows 
bands at 339 and 550 nm due to the deoxy form.” 
Introduction of 1 atm Or to a DMF solution of the 
[20]-cyclophane porphyrin complex generates new 
absorptions at 425,540 and 565 nm. Their absorption 
intensities increases with the six isosbestic points. It 
is noted that the rate of oxygenation of the Co(I1) 
complexes is dependent on the size of the bridged 
chain. Monitoring of oxygenation by absorption 
spectra indicates that the initial rate increases with 
the size of the bridged chain. The slower rate of 
oxygen binding to porphyrin complexes with shorter 
bridges is ascribed to repulsive interactions between 
the bridged group and Or. The reference Co(H) 
complex is expected to bind Or more rapidly than the 
bridged porphyrin complexes. The complexes with 
larger chains show, however, higher rates than the 
reference complex. This fact suggests that the rate 
enhancement of oxygenation is due to desolvation of 
the solvent molecules from near proximity of the 
Co@) ion.‘* Collman et al. have reported marked 

effect of solvation on the oxygenation of the Co(H) 
complexesi Table 5 summarizes the ESR parameters 
of the Co(I1) bridged porphyrins in dimeth- 
ylformamide at 77 K. Comparison of the parameters 
of the bridged complexes with those of the reference 
complex shows no significant differences among 
them. These values provide evidence of formation of 
five coordinated and square pyramidal Co(H) com- 
plexes of the low spin state.ig Oxygenation of the 
Co(I1) complexes gives new signals characteristic of 
the free radical type with axial symmetry (g = 2.00 
and 2.09). These parameters are also consistent with 
those of oxygenated complexes previously reported.2o 

CONCLUSION 

Axial ligation of the residue of amino acids to the 
prosthetic heme in the hemoproteins and heme en- 
zymes is very important to control their redox poten- 
tials and catalytic functions. They have usually two 
different axial ligands involving external ligands ex- 
cept for cytochrome b,. Furthermore, in some heme 
enzymes axial ligand does not coordinate to the heme 
along the vertical line through the Fe atom. Unlike 
usual iron porphyrins, cyclophane porphyrins enable 
us to construct the Fe complexes asymmetrically coor- 
dinated with different ligands. Metal complexes of the 
cyclophane porphyrins having various size of bridged 
chains differentiates the size of axial ligands at the 
bridged face and causes hindered axial ligation. 
Present model systems provide more elaborate model 
to mimic the structure in proximity of the prosthetic 
heme for the heme enzymes and hemoproteins. 
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Table 3. Yields, elemental analysis, IR and UV absorption spectra of [mj-cycIophane ~~h~nato~ron(III~hIo~des and 
[mj-cyclophane po~hy~nat~ba~t(II) 

[mlcyclophane porphyrinatoiron(III)chlorides: 

Compound Yield(t) Formula Elemental analysis Infrared Absorption spectra 

[ml "-'CtiledfFound) -1 
sphctrafcm 1 FIX (logcf 

21 

20 

18 

17 

16 

15 

14 

90 c, 68.52(68.611 3300 

H, T7.827 8'.0@1 1640 

N, 9.58( 9.33) 1550 (amide) 

38Ot4.76) 

50813.80) 

537f3.821 

638t3.501 

97 C, 67.95C67.891 3300 

R, 7.60( 7.85) 1645 

N, 9.90f 9.14) 1550@midel 

380(4.7?1 

509(3.81) 

536t3.811 

638t3.50) 

95 C46X60N602PeCl' C, 65.20(65.16) 3310 

(H2013/2 Ii, 7.49(77.12) 1645 

N, 9.91( 9.14) 1555(amide) 

38Ot4.761 

508(3.791 

537(3.81) 

639t3.51) 

85 C, 67.03166.94) 3300 

H, 7.25( 7.191 1640fbroad) 

N, 10.42( 9.92) 1550famidel 

381(4.70) 

509(3.80) 

537t3.80) 

639f3.84) 

82 C44H56N602FeC1 
(A201 

C!,65.22(65.21) 3300 

fl, 6.97( 7.07) 1640(brl 

N,10.37(10.361 2990(bt,amidel 

380(4.891, C' , I. , 
508(3.81) 

337f3.82) 

'838(3.51) 

4ooc4.7Qj$ 

506t3.651 

536f3.64) 

636t3.31) {py) 

85 C,65.60(65.481 3300 

A, 7.03( 6.90) 1640(br) 

~,10.66(10.64) 1550Ibr,amidaf 

380(4.88) 

507t3.791 

S38t3.811 

639f3.491 

69 C,63.?5(63.671 3300(brl 

H, 7.00( 6.81) 164O(brl 

N,10.62(10.14) 1550(br,amide) 

38014.77) 

506t3.87) 

535(3.881 

638t3.51) 

381f4.771 

50513.87) 

535i3.88) 

638f3,51l(py) 

65 Cg2H52N606FeC1~1/2CH30H C, 63.75i63.671 

h, 7.00 (6.81) 

N, 10.62(10.141 

1140, 1105 

108O(ClO4-1 

390(4.83)b' 

500(4.01) 

613t3.61) 

C45H56N606FeC1 C, 62.10(61.85) 

H, 6.72 (6.70) 

N, 9.66 (9.54) 

1140, 1105 

1080K104-) 

394(4.85)b1 

494 (4.00) 

615t3.621 

80 c40H48N408 ,C, 59.80(59.611 1725(ester) 387t4.83) 
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[m] Cyclophanc porphyrinatoiron(III)chloridcs: 

Iml 
Compound Yield(%) Formula Elemental analysis Infrared 

CalCalcd(Found) spcclra(cm- ‘) 
.~... 

H. 6.02 (5.99) 

N, 6.97 (6.76) 

ImlCyclophane porphyrinatocobalt(I1): 

18 

15 

81 

83 

85 

80 

c, 71.15(71.04) 3300 

H. 8.12( 8.19) 1640 

N, 9.95( 9.84) 1550(amide) 

C, 70.65t70.38) 3300 

H, 7.90( 8.17) 1645 

N, 10.29(10.30) 1550(amide) 

c, 70.11(70.34) 

H, 7.67( 7.60) 

N, 11.26(10.45) 

3300 394(5.37) 

1645 518(4.12) 

1650(amide) 555(4.43) 

C, 69.24(69.08) 

H, 7.29( 7.60) 

N, 11.26(10.45) 

3300(br) 393C5.31) 

164O(br) 518(4.13) 

1550(br,amide) 555c4.43) 

. 

Absorption spectra 

1 max(nm) (log c) 
._ 

495(4.02) 

394 (5.38) 

518(4.02) 

555(4.44) 

394 (5.39) 

518(4.11) 

555c4.48) 

a) ref. shows ferric perchlorate complex of (t) 

b) Absorption spectra were measured in CH2C12-CH30H (v/v, 10/l) 

EXPERIMENTAL 

Synthesis of materials 
3’-(2- Carboxyethyl)- 3,4-diethyl-4’.5’-dimethyl-2,2’- 

dipyrryl melhene hydrobromide (3). A ethanolic soln 3 ml of 
1 (1.00 g) and 2 (0.67 g) containing 48% HBr (1.3 ml) was 
allowed to stand for 30 min at - lo”. The crystalline product 
was cokted by filtration, washed with ether and dried 
under vacuum. Recrystallization from EtOH-petroleum 

ether gave orange red crystals (2.0 g) in 66% yield, m.p. 128”; 
IR 1718cm- (vLU for ester group); PMR 6(CDCI,) 1.2l(m, 
6H, 3.4-CH,Clj,), 2.05(s, 3H, 4’-CIj,), 2.63(m, 3H, 
3’-CH$Ij,), 7.58(d. IH, 5- -CH-), 7.99(br s, IH methine 
proton), 13.05(br s, 2H, NH); vis(CHCI,) J,,_(logc_) 
371(3.21), 45q4.49). 482(4.83). (Found: C, 57.08, H, 6.33; 
N, 7.94; 0, 7.80; Br, 20.84. Calc. for C,,H,,N,O,Br: C, 
56.69; H. 6.60; 0, 7.43; Br, 20.95%). 

Table 4. Paramagnetic proton chemical shifts of ferric complexes” 

Complex Solvent 8.18-cH3 7,17-CH2Cfi2 2,3,12,13-CH_2CH3 

[141-CP*Fe(III)Cl (25) CDC13-CD30R 46.5 42.9 37.5 

rP°Fe(III)C1 (29) CDC13 48.7 42.6 39.4 

[221-CP-Fe(III)*- (26) CDC13-CD30D 61.4 46.5 43.3 
c104 

42.3 

cDC13 

-4-benzyl-py 61.2 45.3 40.3 

rP.Fe(III).C104 (28) CDC13 55.0 31.8 

[ml-CP and rP denote the [ml-cyclophane porphyrin and reference porphyrin 

a) Chemical shifts are shown with respect to internal TMS. 
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Table 5. EPR parameters of deoxy and dioxygen complexes of the cobalt(H) porphyrins” 

Complex g, gll Ay (Co) AQ (N) 

[22]-CP-Co(II).(N-ethylimidazole) 2.34 2.03 81.3 17.5 

II 
+ 02 

2.00 2.09 18.0 

[18]-CP-&(X1) - (N-ethylimidazole) 2.34 2.03 81.4 16.3 

I + 
02 2.00 2.09 18.4 

[15]-CP-Co(II)*(N-ethylimidazole) 2.34 2.03 81.1 16.3 

n + 
02 

2.00 2.09 18.4 

rP*Co(II)- (N-ethylimidazole) 2.37 2.06 74.3 17.0 

n + 
02 

2.00 2.08 20.0 

a) Spectra were measured in dimethylformamide/N-methylimidazole at 77 K. 

CP and rP denote the cyclophane and referenceporphyrins respectively. 

5-~romo-Sbromome~hyI-3,4-die~hyl-3’-(2-c~boxyethyl)- was removed under reduced pressure. The residue was 
4’-melhyl-2,2’dipyrrylmelhene hydrobromide 4. A suspension treated with a mixture of EtOH (SOml) and cone HBr 
of 3 (0.95 g) in glacial AcOH (16 ml) containing Br, (0.42 ml) (20 ml). After heating at 45” for 30 min, the soln was poured 
was heated at 8&90” for I hr. After cooling, fine crystals into water and extracted with CHCI,. The extract was dried 
were collected. Recrystallization from glacial AcOH gave red over MgSO, and solvent was removed under reduced pms- 
needles (0.67g) in 50% yield, dec. at 134”; IR 1738cn- sure. Crystallization of the residue from CHCl,-ether gave 
(v&; PMR 6(CD,OD) 0.85(t, 3H, 3CH,CH,), 1.21 (1, 3H, red brown prisms (1.08 g) in 90% yield: dec. at 182”; IR 
CCH,CH,), 1.69(s, 3H, 4-CH,), 24O(m, 8H, 3,4-CH,CH, 1730cm-1; PMR WIW) 1.20 (m, l8H, 
and 3’-CH,CH,C4-), 4.43 (s, 2H, S’-CH,Br). 7.39 (s, IH, 2,3,12,13-CH,CH, and 7,17-CO,CH,CHJ, 1.87 (s, 3H, 
methine proton); vis (CH,Cl,) 2_ (log c_) 374 (3.83), 505 8-CH,), 2.01 (s, 3H, 18-CH,), 2.65 (m, l9H, 19-CH,, 
(4.89). (Found: C, 40.09; H, 4.47; N, 4.87; 0, 5.58; Br, 44.12. 2,3,12,13-CH,CH, and 7,17CO,CH,CH,), 4.0 (m, 4H. 
Calc. for C,,H,,N,O,Br,: C. 40.10; H, 4.30; N, 5.19; 0, 5.93; 7.17~CH,CH,C03, 5.18 (s, 2H, IO-CH,-), 7.33 (s, 2H, 
Br, 44.46%). 5.15~CH=), 13.5 (br s, 4H, NH); vis (CH,Ci,) L&log c_) 

I-Eromo-I, 19dideoxy-7, l7-di (2_erhoxycarbonylethyl)- 376 (4.15), 462 (5.42). 555 (5.17). 496 (4.49). (Found: C, 
2,3,12,13-retraethyl-8.18, I9-rrimethyl-bi-a,c-dihydro- 53.54, H, 6.31; N, 6.33; 0, 7.35; Br, 27.31. Calc. for 
bromide (5). A mixture of 3 (500 mg) and 4 (710 mg) in dry C,,H,,N,O,Br,: C, 54.25; H, 6.10; N, 6.17; 0, 7.05; Br, 
CH,CI, (20 ml) was treated with anhyd SnCl, (I .2 ml) in 26.41%). 
one portion and kept for 20 hr at room temp. The solvent Diethyl7.8.17, I ktetraethyl-3,13-dimethylporphyrin-2, I2 - 

0.6 

0.2 

Fig. 7. Absorption spectra of [2O]-CPCo(II) (IO mg) in DMF-N-ethylimidaxole (lOml, 9:1 vol/vol). 
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dipropionate 6. Salt 5 (75mg) was suspended in o- 
chlorobenzene (26 ml) and heated under reflux with aeration 
for 20min. The solvent was evaporated under reduced 
pressure, and the residue was chromatographed on an 
alumina column with CHCI, as eluent. The fraction contain- 
ing the porphyrin was evaporated. under vacuum. Re- 
crystallization from CHCI,-MeOH gave purple red crystals 
(30 mg) in 56% yield, m.p. 212”; IR 1725 cm-’ (v,-& PMR 
6(CDCI,) -4.4 (br s, 2H, NH), 1.10 (1. 6H, 
2,I2-CO&H&H,), 2.19 (m, 12H, 7,8,17,18_CH,CH,), 3.47 
(1. 4H, 2,12-CHrCHrC03, 4.55 (s, 6H, 3,13-CH,). 4.00 (m, 
l2H, 7,8,17, I8-CH,CH, and 2,I2-CH,CH,CO,), 4.25(t.4H, 
2,12-CHzCHzCOJ, 10.03 (s, 4H, meso proton); vis (CHCI,) 
& (log c_) 400 (5. IS), 499 (3.98), 567 (3.68) and 620 nm 
(3.55). Found: C, 73.39; H, 7.68; N, 8.48; 0, 10.13. Calc. for 
C,JI,N,: C, 73.81; H, 7.74; N, 8.61; 0.9.83x). 

7.8,17.18-Tetraerhyl-3,13-dimethylporphyrir1-2,12-a%prop- 
ionic acid (7). Ester 6 (100 mg) was suspended for 20 hr in 
5X HCI and extracted with CHCI,. The CHCI, extract was 
v%hed with water and dried over’Na,SO,. The CHCI, was 
removed under reduced pressure and the residue was crys- 
tallized from pyridine-MeOH to give fine purple red crystals 
(89.5 mg) in 98% yield, IR 17OOcn-’ (vm); PMR 6 
(pyridined,) 2.00 (m, l2H, 7,8,17,18-CH,CH,),-3.80 (s, 6H, 
3.13-CH,l. 4.00 (m. l2H. 7.8.17.18~CHCH, and 
2;12XH;CH,COJ, 45d (t, 4H,‘2,12-CH,CH,C-6,). lo.50 (s, 
2H, meso protons) 10.70 (s, 2H. meso protons); vis- 
(pyridine) I_(log c,,) 401 (5.22). 497 (4.15) 530 (3.99). 566 
(3.83) and 620nm (3.66). (Found: C, 73.01; H, 6.81; N, 
11.25. Calc. for C,H,,N,O,C,H,N: C, 73.08; H, 7.03; N, 
10.39%). 

7,8,17,18-TetraerhyI-3,13-dimethy1porphyrin-2,12-dipro- 
panel(8). To a tetrahydrofuran soln (100 ml) of 6 (lo0 mg) 
was added LiAIH, (100 mg) in one portion under N, 
and stirred for I hr. The mixture was poured into water 
and extracted with CH,CI,. The extract was washed 
with water and dried over MgSO,. The solvent was 
removed under reduced pressure. The residual solid was 
crystallized from CHCI,-MeOH to give hygroscopic purple 
red crystals (82mg) in 95% yield, PMR d (pyridined,) 
1.90 (1, l2H, 7,8,I7,18-CH,CH,), 1.50 (quintet, 4H. 
2,12-CH,CH,CH,Br). 3.66 ‘(s&let, 6H:. 3,13-CH,), 
4.30 (multimet. l6H. 2.3.12.13-CHCH, and 
2,I2-CH;CH,dH,CH,Br), 10.55 (s: 2H,‘meso),~l0.50 (s, 2H. 
meso protons), vis (pyridine &,,; (log L,,) 403 (4.89). 499 
(4.131. 533 (3.97). 569 (3.79) and 625 nm (3.451. (Found: C. 
62.8l;‘H. 6.43; N; 7.83: Calc for C,,H,N;Br,:’ C, 62.43; H: 
6.40; N, 8.09%). 

Cyclophane porphyrins 10-16 
General procedure. To a tetrahydrofuran soln (20 ml) of 

7 (IO0 mg) with 0.05 ml Et,N was added isobutylchloro- 
formate (0.06 ml) at 0” and stirred for I hr at room temp. 
To this prepared mixed anhydride soln was added very 
slowly a tetrahydrofuran soln of the diamine [IOOmg, 
H,N(CHJ,NH,, n = 6,7,8,9,10,12,14] and stirred for 20 hr. 
The solvent was evaporated under reduced pressure. The 
residue was dissolved in pyridine-MeOH (20 ml of 
I : I vol/vol) containing zinc acetate (50 mg) was warmed at 
50” until the color of the soln was turned from purple red 
to orange red. The solvent was removed under reduced 
pressure. The residual solid was chromatographed by prep- 
arative TLC (Merck Co. silica gel. 60 F,) -with acetone- 
CH,Cl, (I :3 vol/vol) as eluent. The bridged oornhvrinato 
Zn(]I)‘complex~es appeared at about i,= b.ab.7. The 
orange red zone was collected and extracted with 
acetone-CH,Cl,. The extract was condensed to small por- 
tion and crystallization of the residual solid from pyridine- 
MeOH afforded purple red crystals (30-6Omg). Yields, 
elemental analyses, mass spectra and absorption spectra of 
the cyclophane porphyrinato Zn(I1) complexes are sum- 
marized in Table I. 

The reference porphyrins were prepared according to the 
same general procedure, using primary amines 
]CH,(CH&NH2. n = 2 and S] instead of daimines: 

rl?r Vol. 40. No. 3 I 

N. N’-Dipropy1-7,8,17,18-terraethy1-3.13-a%nethyIporphy- 
rin-2,12-dipropionomi& zinc(U) complex (17) in 890/, yield; 
IR 3300, 1645 and 15550~’ (amide); vis(CHCl,) &(log 
e_) 401 (5.24), 535 (4,14), and 572 nm (4.23). (Found: C, 
68.09; H, 7.34, N, 11.54. Calc. for C,,H,N,OJn: C, 68.14; 
H, 7.35; N, 11.35X). 

N, N’-Dihexyl-7,8,17,17-tetraethyl-3, I3-dimethylporphyrin 
-2.lZdi-17rooionamide (18) in 92X vield: IR 3300. 1645 and 
1555 cm’ ’ (amide); vis(CHCl,) c (logc_j 401 (5.24), 500 
(4.20). 535 (4.08). 568 (3.89), and 622 nm (3.73). (Found: C, 
76.02; H, 8.58; N, 10.98. Calc. for C,H,N,O,: C, 76.14; H, 
8.54; N, 11.09%). 

PMR data for these reference porphyrins are summarized 
in Table 2. 
Chloro complexes of the ferric cyclophane porphyrins 19-25 

General procedure. [ml-Cyclophane porphyrinato Zn(I1) 
(50 mg) were dissolved in glacial AcOH (I 0 ml). To the soln 
was added ferrous acetate (50mg, prepared from lg of 
reduced Fe powder in 50 ml of glacial AcOH). The mixture 
was heated at 70” for 30min. The soln was poured into 
water containing 2 g NaCl and extracted with benzene. The 
benzene extract was washed with water and dried over 
Na,SO,. The solvent was removed under reduced pressure. 
Crystallization of the residue from benzene gave brown red 
crystals in quantitative yields. Their yields, IR, visible 
;pectral data and micro analyses are summarized in Table 

Syntheses of the perchlorates (26-28). The chloro Fe(II1) 
porphyrin (30 mg) was dissolved in 20 ml of freshly distilled 
CHrCl,. To the soln was added 30 mg of AgCIO, and IO ml 
of MeOH. The mixture was refluxed for 30 min under argon 
and cooled to room temp. The ppt of AgCl was removed by 
filtration. The filtrate was evaporated under reduced pres- 
sure. The residue was dissolved in dry benzene and kept for 
several days. The resulting crystals were washed with petro- 
leum ether and dried over P,O, at 60”. 

Cobalt(U) complexes of the bridged porphyrins 
General procedure. The [ml-bridged porphyrinato Zn(I1) 

(50mg) complex was dissolved in a small amount of pyri- 
dine. The pyridine soln was diluted with CH,CI, (50ml). 
The soln was poured into 100 ml 5% HCI and extracted with 
CH,CI,. The extract was washed with water and dried over 
Na,SO,. The solvent was removed under reduced pressure. 
The residue was dissolved in DMF (20ml) containing 
cobaltous acetate (20mg) and heated at 60-70” for I hr 
under argon. After removal of solvent under reduced pres- 
sure, the residue was chromatographed on a silica gel 
column eluted with CH,CI, acetone (6:l vol/vol). The first 

1 I , 

red zone was collected and the solvent was removed under 
reduced pressure. Crystallization of the residual solid 
afforded purple red crystals. Micro-analyses and spectral 
properties are listed in Table 3. Fe(II1) and cO(I1) com- 
plexes of the reference porphyrins were synthesized accord- 
ing to the general procedures for the bridged porphyrin 
Fe(II1) and Co(H) complexes. 

N, N’-Dtixyl-7, 8, i7, l8-ferraethyl-3, 134imethylpor- 
rin-2. IZdipropionamide iron(II1) chloride (29). 59 mg in 
97% yield; IR 3300, 1645, and 1550-l (amide); 
vis(CHCI,) J_ (log L_) 381 (4.76). 505 (3.87). and 
638 nm(3.521. (Found: C. 68.50: H. 8.03: N. 9.50. Calc for 
C,H,d,Fe&‘C, 67.80; ‘H, 7.82; N, 9.88%j. 

N, N’-Dihexyl-7.8.17, I&tetraethyl-3, l3-dimethylporphy- 
rin-2,12-dipropionamide cobolr(I1) (34). 45 mg in 91% yield; 
IR 3300, 1645 and 155Ocrn’ (amide). (Found: C. 70.32; H, 
7.54; N, 10.50. Calc. for C,H,N,OrCo: C, 70.48; H, 8.31; 
N, 10.27%). 

Preparation offerrous complexes of cyclophane porphyrins, 
[ml-Cyclophaneporphyrinato FeJIII) chloride (10 mg) was 
dissolved in CH,CI,-Nethylimidazole (IO ml, 9: 1 vol/vol). 
The soln was degassed completely by the freez-thaw 
method. To the soln was added degassed water (IOml, 
phosphate buffer pH = 7) containing a small amount of 
sodium dithionite and stirred for I hr. The resulting orange 
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red soln was filtered under argon. The aqueous layer was 
removed from the soln by syringe and the resulting orange 
soln was used for spectral measurements. Toluene soln of 
the ferrous complexes were prepared according to the 
following method; [m)-Cyclophane porphyrinato Fe(II1) 
chloride (I 0 mg) was dissolved in toluene-Nethylimidane 
(IO ml, 9:1 vol/vol). The soln was degassed by the freeze- 
thaw method. To the soln was added a small portion of 
NaBH, followed by further stirring for I hr. The orange soln 
was filtered under argon. The absorption spectra were 
recorded on a Varian 635 spectrophotometer with an Ox- 
ford variable temp. liquid N, cryostat. The ‘H NMR spectra 
were recorded on a JEOL IX-90 FT-NMR spectrometer 
operating at 59.5 MHz. Typically 2000 scans were collected 
using a 20 ps 90” pulse. The ESR spectra were measured on 
JEOL JES-FE3X spectrometer at 77K. Absorption spectra 
were obtained by using Hitachi spectrophotometer Model 
340. 
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